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ABSTRACT OF THESIS 
 
ECOPHYSIOLOGICAL RESPONSES OF TALL FESCUE GENOTYPES TO 
ENDOPHYTE INFECTION AND CLIMATE CHANGE 
 
 
Tall fescue is a widely used forage grass in the eastern USA and can form a 
symbiosis with a fungal endophyte, which can be beneficial for the plant but can cause 
livestock health issues. Little is known regarding the symbiotic response to predicted 
climate change. To address this knowledge gap, I analyzed tall fescue variety trial data 
collected throughout the U.S., exploring relationships between climate variables and 
yield for two different fescue cultivars that were either endophyte-free or infected. This 
study showed no endophyte or cultivar effect on fescue yield, but identified temperature, 
precipitation and location as significant predictors of yield, suggesting that local 
conditions were more important than endophyte presence or fescue genotype for this 
dataset. Using a field experiment located in central Kentucky, I quantified the 
ecophysiological responses of four tall fescue genotypes to endophyte presence, elevated 
temperature and increased growing season precipitation. In this study, tall fescue 
genotype was as important as endophyte presence in determining ecophysiological 
responses to climate change treatments. My thesis illustrates that tall fescue response to 
climate change will depend on host genetics, the presence and genetics of the fungal 
endophyte symbiont, and the specific changes to the environment experienced at a site.  
 
KEYWORDS: Abiotic stress tolerance, Climate change, Genotype, Neotyphodium 
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Chapter I: Introduction 
1.1 Climate Change and its Effects on Plant-Microbe Symbioses 
According to the Second Working Group of the International Panel on Climate 
Change, climate change refers to “a statistically significant variation in the mean state of 
the climate or its variability, persisting for an extended period (typically decades or 
longer). Climate change may be caused by natural internal processes or external for or by 
persistent anthropogenic changes in the composition of the atmosphere or land use” 
(IPCC, 2007). Indeed, many changes have already been observed in global climate and 
the atmosphere over the past century (Karl et al., 2009): temperature increases, CO2 
concentration increases, and changes in patterns of precipitation (Backlund, 2009). Since 
the beginning of the industrial era, heat-trapping gas concentrations (carbon dioxide, 
methane, nitrous oxide, halocarbons and ozone) have increased dramatically, and these 
increases are highly correlated with augmentations of global temperatures, and strongly 
suggest human activities have had a direct effect on global warming (Edwards, 2008; 
Karl et al., 2009). The Intergovernmental Panel on Climate Change predicts an increase 
of global mean air temperatures using models based on climate data of the past centuries, 
but also on our current theoretical understanding of all the various, complex pieces that 
control global temperatures (IPCC, 2007). These models predict an increase of 1.4 to 5.8 
°C over current day temperatures by 2100 (Edwards, 2008). Such increases in 
temperature will likely impact regional precipitation patterns in complex ways. In the 
eastern half of the United States, the mean annual temperature is predicted to increase by 
2 to 5 °C and the average annual rainfall may increase by 10 to 30 % (Jones et al., 2001; 
IPCC, 2007). Climate change is likely to bring a higher frequency of extreme weather 
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events, such as floods, droughts and heat waves, which can have severe negative direct 
impacts on crop production, as well as contribute to crop damages indirectly through 
effects on pests and diseases. For example, in the U.S., $56 billion were lost (total 
estimated damages) due to the 1988 summer drought (Rosenzweig, 2000). Most 
predictions suggest that under future climate more crop damages and economic loss will 
be encountered (Adams et al., 2003; Deschenes and Greenstone, 2007; Easterling and 
Apps, 2005; Paudel and Hatch, 2012). 
The United States will experience climate change, but the nature and degree of 
change will vary across the American landscape (Karl et al., 1991; Karl et al., 2009; Karl 
et al., 1996; Smith et al., 2005). For example, the southeastern United States, which 
historically has had a warm and wet climate, has experienced a rise of annual mean 
temperature by about 1 °C since 1970 and an increase in mean fall precipitation by 30 % 
since 1901 (Karl et al., 2009). However, other areas, like the arid southwest are predicted 
to get drier (Karl et al., 2009). For example, the water level of Colorado River will be 
lower, which will dramatically impact the surrounding regions such as California, 
affecting at the same time the local economy, ecosystems and tourism industry of this 
region (Meehl et al., 2007; Seager et al., 2007). Climate models, using selected carbon 
emission scenarios (e.g., low- or high-emission models) to evaluate the range of potential 
changes in temperature and precipitation that may occur in a particular region, have 
predicted that warming will keep increasing in all seasons in the southeast (Karl et al., 
2009; Smith et al., 2005). More specifically, according to low-emission models, mean 
temperatures will increase by 2.5 °C, whereas according to high-emission models, they 
will rise by 5 °C. Precipitation is estimated to rise by 5 to 10 % every year (Karl et al., 
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1991). As higher temperatures are thought to accelerate water evaporation from soils and 
plants, droughts are likely to be longer and more frequent (Karl et al., 2009), and the 
land-cover may change in response to these and other factors (Nagy et al., 2011; Sohl and 
Sayler, 2008).  
Using the same type of models, but downscaled to a finer resolution to focus on 
Kentucky, historical mean annual temperature and precipitation have been analyzed 
(Tern et al., 2004; USEPA, 1998). Over the past century, Kentucky has experienced an 
average annual temperature decrease by 0.7 °C and an annual mean precipitation 
augmentation by 10 % in most parts of the state (USEPA, 1998). Long-term (1951-2006) 
mean annual temperatures increase from west-to-east across the state (Figure 1.1), 
trending from an average low of 11.2 °C to an average high of 15.2 °C. Precipitation 
generally declines from south-to-north across the state (Figure 1.2), ranging from a high 
of 1650 mm to a low of 990 mm (Tern and Brunjes, 2004). Reflecting the future 
evolution of the climate of southeastern U.S. in general, temperature and precipitation in 
Kentucky are also predicted to increase, with average annual temperatures increasing 
between 2.0 °C and 2.8 °C over the next 50 years and precipitation increasing by 1.5 % to 
8.6 % of long-term means over the next 50 years (Tern and Brunjes, 2004). The degree of 
warming may be greatest in either the northern or western portions of the state, 
depending on emissions. Over the longer term, and using different climate models, 
Kentucky, in the next 100 years, is predicted to have higher temperatures (+1.6 °C), 
ranging from 0.5 to 2.8 °C depending on the season, and precipitation may rise by 5 % in 
the winter, 20 % in the spring and the fall, and 30 % in the summer (Lensing and Wise, 
2007; USEPA, 1998).  
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These predicted changes in temperature and rainfall in Kentucky are likely to 
affect agriculture throughout the state, as well as the southeastern U.S. (Karl et al., 2009; 
Sohl and Sayler, 2008). Pastures are an important agricultural land use in Kentucky, 
covering 2,050,137 hectare (Nagy et al., 2011; NRCS, 2011). Pastures are intrinsically 
linked to agriculture (Barnes et al., 1995), since they support domestic ruminants via hay 
production or grazing, and studies in New Zealand, Switzerland, Britain and France have 
shown they are sensitive to climate change (Cullen and Eckard, 2011; Cullen et al., 2012; 
Graux et al., 2013; Riedo et al., 2001; Seguin, 2003; Thornley and Cannell, 1997; 
Tubiello et al., 2007; Vittoz et al., 2009). Therefore, we can predict that Kentucky 
pastures and their agronomic function will be influenced by climate change associated to 
alterations in temperature and precipitation.   
 Pastures contain many different plant species and vegetative life forms (e.g., 
grasses, legumes, and forbs) and occur on many different soil types throughout the 
eastern U.S. (Harrington 1977; Ball et al. 2007). Many pasture plants form symbioses 
with microorganisms, both above, and belowground (Clay and Schardl, 2002; Lambers et 
al., 2009; Rosenzweig, 2000; Van Der Heijden et al., 2006). Climate change is likely to 
affect pasture ecosystems structure and function, in part, by altering species interactions 
(IPCC, 2007). Pasture plant-microbial symbioses are one species interaction which is 
likely to be impacted by climate change. The nature of these partnerships is believed to 
range from parasitic to mutualistic (Johnson et al., 1997; Saikkonen et al., 1998). 
Parasitic symbioses are characterized by the host being harmed by the symbiont; whereas 
mutualistic symbioses refer to a partnership between host and symbiont that is usually 
based on an exchange of benefits between them (Herre et al., 1999). These benefits can 
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range from increasing nutrient supply, space gain, or tolerance to biotic and abiotic stress 
for both organisms involved in the symbiosis (Rodriguez et al., 2008; Timmusk and 
Wagner, 1999). Mycorrhizae or rhizobacteria, two important organisms involved in a 
plant-microbial mutualisms in pastures, are good examples of nutrient supply benefits 
because they are thought to help increase nutrient acquisition of the host plant, especially 
when the host is in a low nutrient environment (Hetrick, 1989).  
 The degree of many mutualisms varies through time and across space, being 
sensitive to biotic and abiotic stressors (Herre et al., 1999). Both organisms of a 
mutualism do not always receive equal benefit, and sometimes, symbioses can be more 
mutualistic under certain conditions. Taking the example of tolerance to biotic stressors 
such as herbivory (a common phenomenon in pastures), some plant-microbial 
mutualisms can reduce herbivory by producing non-edible or unhealthy components 
(Hartley and Gange, 2009; Miller et al., 2002). However, herbivore biotic tolerance is 
often related to the environmental context or the specific host and microbial symbiont 
involved. For example, under high grazing conditions, presence of the microbial 
symbiont is often more important/beneficial to the host than under low grazing conditions 
(Pietikäinen and Kytöviita, 2007). But, symbiont induced grazing tolerance has also been 
shown to be more apparent in high nutrient soils versus low (Lehtonen et al., 2005), 
meaning that the host is no longer benefited and the mutualism may actually be costly. 
Plant-microbe symbioses can respond to climate change and have widespread 
ecological effects (Compant et al., 2010; Figure 1.3). With regards to increasing 
concentrations of atmospheric CO2, most of the studies investigating the effects of this 
climate change factor on plant-microbial symbioses have shown that elevated CO2 may 
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have a positive impact on the presence of symbiont fungi, such as arbuscular 
mycorrhizae, but, effects of elevated CO2 are more variable on plant growth-promoting 
bacteria and endophytic fungi. Also, under drought stress, symbioses with both bacteria 
and fungi tend to be promoted (Kivlin et al., 2013). Recently, it has been shown that not 
only the degree and nature of such plant-microbe symbioses can vary across biotic and 
abiotic factors, but they across plant and microbe genotypes (Figure 1.4; Cheplick and 
Faeth, 2009; Hartley and Gange, 2009; Saikkonen et al., 2010).  
One type of plant-microbe symbioses that has received considerable scientific 
attention is that of cool season grasses and Epichloe/Neotyphodium aboveground fungal 
endophytes (Bacon and Hill, 1997; Cheplick and Faeth, 2009; Clay, 1989; Leuchtmann, 
1993; Malinowski and Belesky, 2006; Schardl et al., 2004). These microbes are the most 
common group of fungal symbionts in the world (Arnold et al., 2000). In particular, more 
than 80 species of the Poaceae family are able to create symbioses with fungal 
endophytes (Clay, 1990; White Jr, 1987). In this study, I focus on a widespread and 
agriculturally important grass-endophyte symbiosis, tall fescue-Neotyphodium 
coenophialum. 
 
1.2 Tall Fescue – Neotyphodium coenophialum Symbiosis 
Tall fescue [Festuca arundinacea = Schedonorus arundinaceus (Schreb.) 
Dumort.], is a cool season grass native to Eurasia (Gibson and Newman, 2001), and can 
be found in temperate and cool climates throughout Europe, North Africa, west and 
central Asia, and parts of Siberia (Figure 1.7). It was most likely introduced from Europe 
into the United States in the 1800s (Hoveland, 2009) during Anglo-Saxon settlement, but 
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has been widely planted and used only since the 1940s and 1950s (Terrell, 1979). It is not 
native to the United States (Gibson and Newman, 2001; Terrell, 1979), although it 
currently occupies close to 14 million ha in this country today (Figure 1.5; Hill et al., 
1990), especially in the eastern half, where it is an important component of cultivated 
pastures and turf systems (Ball et al., 1993). For example, from Nebraska to Maryland 
and south to Georgia and Texas, 10,140,000 ha of tall fescue support 8.5 million grazing 
beef cows (Hoveland, 1993). Tall fescue’s morphology is common for a cool-season 
grass of its type (Figure 1.6). It has short rhizomes and grows 61 cm to 120 cm tall (2-4 
feet). It is tolerant to acidic and poorly-drained soils, mainly due to its deep roots 
(Fribourg et al., 2009). Fertilization is not necessary, although often recommended 
(UKYForage, 2013). With regards to genetic aspects, tall fescue is an outcrossing 
polyploidy grass (Gibson and Newman, 2001) and has a high level of self-incompatibility 
(Pedersen and Sleper, 1993). Individual plants are highly heterozygous, and normally 
each seed is genetically unique. A high level of genetic variability exists in tall fescue 
populations for several traits, which has attracted breeders for decades (Pedersen and 
Sleper, 1993). Tall fescue has a large genome (5.27 to 5.83 × 106 kb; Seal 1983) and is 
mostly allohexaploid (2n = 6x = 42), although natural populations of tetraploid 
(2n=4x=28), octoploid (2n=8x=56), and decaploid (2n=10x=70) are found in its native 
range (Fribourg et al., 2009; Gibson and Newman, 2001; Humphreys et al., 1995; Sleper 
and West, 1996).  
 In 1931, the ecotype ‘Kentucky 31’ (KY-31) was discovered by Dr. E. Fergus 
growing and persisting on a steep hill slope pasture in eastern Kentucky under hot, dry 
and heavy grazing conditions (Fergus, 1952). He obtained seeds from these plants for 
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plant breeding efforts, and in 1943, the University of Kentucky released it as an official 
cultivar (Fergus and Buckner, 1972). After its release, KY-31 was widely adopted for use 
as forage, hay, and erosion control, and quickly became the predominant cool-season 
grass in the southeastern United States (Ball et al., 1993; Hill et al., 1990).  
 Tall fescue has broad environmental adaptability, high growth rates, and is highly 
competitive with common co-occurring pasture species (Cheplick and Faeth, 2009; Clay, 
1987; Hill et al., 1991). It is often less affected by drought, high temperatures in summer, 
heavy grazing, floods, and low temperatures in winter than other cool season forage grass 
species (Stuedemann and Hoveland, 1988). Tall fescue is also believed to play a role in 
regional carbon sequestration and nutrient cycling (Franzluebbers, 2010). 
 Soon after tall fescue became widely established in the U.S., farmers noticed 
severe health problems (listed on Table 1.1) in animals grazing fescue pastures, resulting 
in poor animal performance and widely affecting the beef industry (Bacon, 1995; 
Cunningham, 1948; Pratt and Haynes, 1950). In the United States, associated beef cattle 
losses are estimated at $609 million/year, mostly due to a reduction of calf births 
(pregnancy dropped from 95 % to 55 %; $354 million) and reduced weaning weight (-23 
kg on average; $255 million) (Hoveland, 1993; Petritz et al., 1980). In 1973, in Georgia, 
researchers observed one pasture where beef cattle grazing tall fescue showed no signs of 
fescue toxicosis, whereas an adjacent herd was stressed and demonstrated toxicosis 
symptoms (Robbins, 1983). Exploring differences between the two fescue stands 
supporting these animals, they identified that the tall fescue grazed by the sick herd was 
infected with a fungal endophyte. In 1977, Charles Bacon identified Neotyphodium 
coenophialum (Morgan Jones-Gams) as the endophyte responsible for the livestock 
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health problems (Bacon et al., 1977; Ball et al., 1993). Additional evidence for the role of 
Neotyphodium in toxicosis was collected in Alabama after several years of experimental 
trials (Hoveland et al., 1980; Hoveland et al., 1983). 
Neotyphodium is an asexual species of the Clavicipitaceae family of fungal 
endophytes (phylum Ascomytcota, order Hypocreales), whereas Epichloë is a sexual 
form (An et al., 1993; Latch et al., 1984; Schardl et al., 2004). Twenty to 30 percent of 
grass species are infected by these two groups of fungal symbionts (Leuchtmann, 1993), 
occurring on all continents except Antarctica (Clay, 1998; White Jr, 1994). The fungal 
hyphae grow intercellularly in the aboveground portion of tall fescue (Figure 1.8). They 
absorb nutrients (amino acids and sugars) directly from the host plant through the cell 
wall. As Neotyphodium does not reproduce sexually, its transmission is vertical via seeds 
of the plant (Bacon and Siegel, 1988). The life cycle of Neotyphodium is relatively simple 
(Figure 1.9): the fungus moves from the embryo of the germinating seed into the seedling 
and colonizes mainly leaf sheaths, meristems, and internodes of elongating stems, but not 
roots (Bacon and Siegel, 1988; Welty et al., 1986). Endophyte presence is low in the leaf 
blade (Hinton and Bacon, 1985) and higher in the pseudostem than other aboveground 
tissue (Christensen and Voisey, 2007). Hyphal abundance is thought to be seasonally 
variable: in endophyte infected plants, endophyte hyphae sampled in Georgia were more 
abundant within plant tissues from April to December, when the air temperature was 
high, and were lower from January to March (Ju et al., 2006). In Oregon, hyphal 
abundance was lower from February to April than the rest of the year. 
In general, endophyte infection rates of tall fescue in North America have been 
shown to be ~80 %, meaning eight out of ten tall fescue plants in a pasture will contain 
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the endophyte (Ball et al., 1993; Spyreas et al., 2001). However, endophyte infection 
frequencies can vary substantially across populations, within a single location, or 
depending on the environmental conditions (Spyreas et al., 2001). In part because while 
Neotyphodium endophytes are not contagious, and vertical transmission is imperfect 
(Afkhami and Rudgers, 2008; Ju, 2011), the endophyte can be lost from seed due to high 
temperature and/or prolonged storage (Welty et al., 1987). 
In 1997, Bush found that the toxicity of the plant to livestock was caused by 
alkaloids produced by N. coenophialum (Bush et al., 1997). N. coenophialum produces 
three main classes of alkaloids (Figure 1.10): 
- Peramine (pyrrolopyrazine): a non-specific alkaloid, toxic to all herbivores; 
present in small quantity within the plant (Dahlman et al., 1997). 
- Ergot alkaloids (ergocornine, ergonine, ergoptine, ergosine, ergovaline, 
ergotamine): ergovaline is the most toxic to mammals because it is a potent 
vasoconstrictor (Lyons et al., 1986). Ergovaline concentrations fluctuate 
seasonally, with levels typically highest in May and in October in the United 
States (Agee and Hill, 1994). 
- Lolines (pyrrolizidine: loline, N-acetylloline, N-formylloline, N-acetylnorloline, 
N-methylloline, Norloline, N-formylnorloline): toxic to insects; present in all 
tissues of tall fescue in highest concentration in July and August (Bush et al., 
1993). 
Researchers have been working on reducing fescue toxicosis effects ever since it 
was first detected (‘Kenly’ released in 1976 from University of Kentucky was endophyte-
free, but most of the early seed production was exported to Japan; Buckner et al., 1977). 
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In 1982, an endophyte-free cultivar (E-) “AU-Triumph” was developed in Alabama and 
introduced into local pastures (Hoveland et al., 1982). Animal performance was 
excellent, but after several years, farmers reported stand losses of the cultivar. Although 
replacement of endophyte-infected fescue (E+) stands with  E- cultivars is believed to be 
financially profitable for farmers on the short-term (Zhuang et al., 2005), it is now known 
that E- tall fescue stands are not as vigorous nor as persistent as endophyte-infected 
fescue (E+) in many southeastern US environments (Bouton et al., 1993; Bouton et al., 
2002; Fribourg et al., 2009). 
 The knowledge that endophyte presence improved persistence and vigor led 
researchers to explore whether wild strains of N. coenophialum that lack the ability to 
produce ergot alkaloids exist (so called “non-toxic endophyte”). Several expeditions to 
the Mediterranean area occurred in the late 90s and 2000s (Bouton et al., 2000). Since 
then, several “novel endophytes” have been identified, developed, and commercialized. 
The best known novel endophyte to date is MaxQ (a trademark of Grassland Technology 
Ltd., Palmerston North, New Zealand, commercialized in the US by Pennington Seed 
Co., Madison, GA in ‘Jesup' tall fescue) (Bouton et al., 2002), but ‘Texoma’ MaxQII, 
presenting yields 20 % greater than ‘Jesup’ MaxQ’s yields, has recently been released on 
the market (Beck et al., 2012; Hopkins et al., 2011).  
 The process of creating tall fescue cultivars containing these novel endophytes 
usually consists of removing the ‘common toxic’ strain from the plant material, by using 
a combination of heat and humidity (Welty et al., 1987) or fungicide. Then, novel, non-
toxic fungal strains are inserted into the plant by slitting a now E- individual through or 
above the apical meristem and introducing the fungal mycelia (Fribourg et al., 2009). 
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Because these novel endophytes do not produce ergot alkaloids (livestock-toxic 
alkaloids), but remain capable of producing lolines and peramines (deterrent to insects) to 
varying degrees, they are thought to confer some of the benefits that endophyte infection 
gives the plant, but there are no livestock toxicity issues (Belesky and Bacon, 2009). 
Indeed, tall fescue infected with novel endophytes has been shown to provide better 
performance than endophyte infected KY-31 on lambs (Parish et al., 2003a), steers 
(Parish et al., 2003b), and beef cows and calves (Watson et al., 2004). The use of novel 
endophyte technology is one method to reduce tall fescue toxicity, even though the 
replacement of toxic tall fescue stands involves substantial cost. Indeed, the improvement 
in animal production has been shown to repay the investment: the replacement of 
common toxic endophyte stands by a novel endophyte cultivar is estimated to generate 
net returns of $55/cow/year, or $36/cow/year when the cost of establishment is included 
(Andrae and Lacy, 2004). Also, the transmissibility of the novel endophyte to progeny is 
approximately 90% or greater, which means that re-inoculation is not needed (Fribourg et 
al., 2009; Hopkins et al., 2011).  
 
1.3 Tall Fescue – Endophyte Symbiosis Response to Abiotic and Biotic Stress 
Factors 
Experimental work has shown that presence of Neotyphodium can often confer 
resistance to biotic and abiotic stresses to the fescue host which may contribute to the 
success and long-term persistence of the symbiosis (Arachevaleta et al., 1989; Assuero et 
al., 2006; Bacon and Siegel, 1988; Chen and Renvoize, 2005; Clay and Schardl, 2002; Ju 
et al., 2006; Malinowski and Belesky, 2000; Newman et al., 2003; Yu et al., 2012). For 
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example, the fungus is believed to improve tall fescue vigor more under hot, dry 
conditions than under mesic conditions and under heavy versus low grazing pressure 
(Ball et al., 1993; Bouton et al., 1993).  
The mechanisms by which the endophyte confers to the host resistance to biotic 
and abiotic stresses are not always known but include a wide range of possibilities 
(Figure 1.11).  For example, herbivory resistance is thought to be directly linked to the 
presence of the endophyte-produced alkaloid compounds.  It has been shown that both  
nematodes and insects are repelled by loline alkaloids, and grazing by mammals is 
lowered by ergot alkaloid production (Bush et al., 1997; Bush et al., 1993; Dahlman et 
al., 1997; Prestidge et al., 1982; West et al., 1988). Resistance to drought (Bouton et al., 
1993; West et al., 1993) may arise from endophyte stimulation of: deeper root 
development (Agee and Hill, 1994; Richardson et al., 1990); longer root hairs and 
increased root diameter (Malinowski and Belesky, 1999); increased leaf rolling during 
times of water limitation which reduces the number of exposed stomata (Arachevaleta et 
al., 1989); improved ability for osmotic adjustment via production of lolines which are 
water soluble (Bacon, 1993; Elmi and West, 1995); increased plant tillering 
(Arachevaleta et al., 1989), especially after a drought period (Elmi and West, 1995); 
enhanced photosynthesis rates (Newman et al., 2003; Richardson et al., 1993); and better 
utilization of soil nitrogen, phosphorous and magnesium (Arachevaleta et al., 1989; 
Malinowski and Belesky, 1999).  
However, symbiotic benefits are not universally observed, and, in fact, a lot of 
counter-examples have been reported (Arachevaleta et al., 1989; Assuero et al., 2000; 
Barker et al., 2005; Belesky et al., 1989; Belesky et al., 1987; Brosi et al., 2010; Elbersen 
13 
 
and West, 1996; Hume and Barker, 2005; Malinowski and Belesky, 1999; Malinowski et 
al., 1998; Rahman and Saiga, 2005; Richardson et al., 1993; West et al., 2007; White et 
al., 1992) and are also reported in other similar grass-endophyte symbioses, such as 
perennial ryegrass – Neotyphodium lolii (Cheplick and Faeth, 2009; Eerens et al., 1998; 
Lewis, 1992). Tall fescue greenhouse studies have shown that tiller production and 
drought recovery (White et al., 1992), aboveground mass (Belesky et al., 1987) and 
photosynthetic rates (Belesky et al., 1987; Maclean et al., 1993) were not always 
significantly greater in E+ KY-31 than E- KY-31. In the field, Elbersen and West (1996) 
showed that leaf growth was not enhanced by endophyte infection. Moreover, Brosi 
(2011) found that tiller mortality to be higher for E+ than E- under elevated temperatures.  
It is possible that the fungal endophyte is not always beneficial to the host plant, 
that the degree of mutualism depends on environmental conditions such as temperature or 
water deficit. In fact, it has been theorized that under certain situations the fungus may 
become parasitic (Brosi, 2011). Some studies have shown that, indeed, the tall fescue – 
N. coenophialum symbiosis does not always benefit both partners, which is consistent 
with work on other grass-endophyte symbioses that clearly illustrates the nature of these 
plant-microbe relationships can vary considerably across space, time and environmental 
conditions (Brosi, 2011; Cheplick and Faeth, 2009; Clay and Schardl, 2002; Malinowski 
and Belesky, 2006; Saikkonen et al., 1998). This debate is also relevant for different 
strains of fungal endophyte, such as are now available with novel endophyte technology. 
In general, fescue infected with novel endophytes has shown better animal performance 
than fescue infected with the common toxic endophyte; however, the abiotic stress 
tolerance and the ecological consequences of the non-ergot producing endophytes remain 
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unclear (Malinowski and Belesky, 2006). Some studies have described positive fescue 
survival and persistence to abiotic and biotic stress conditions when infected with novel 
endophytes (Tapper and Latch, 1999), but several other works have shown poorer fescue 
performance under abiotic stress conditions in comparison to fescue infected with the 
common toxic strain of the endophyte. For example, Bouton et al. (2002) showed that 
survival of fescue infected with novel endophyte to be 15% lower than fescue infected 
with the common toxic endophyte under drought stress conditions. The use of novel 
endophyte seems to be a good solution to counter toxic effect of ergots alkaloids on 
livestock production, but it may present disadvantages regarding to fescue persistence 
and response to abiotic stress (Malinowski et al., 2005; Malinowski and Belesky, 2006).  
As the environment plays a critical role in determining the degree and nature of 
plant-endophyte symbiosis, it is imperative to understand the implications of changes in 
climate, especially with regards to novel endophytes being developed. Some of the 
uncertainty regarding the mechanisms by which Neotyphodium (common toxic or novel 
strains) confers environmental stress tolerance to the grass host arises from the fact that 
there are many plant and fungal genotype interactions (Cheplick and Faeth, 2009). For 
example, it is not rare to find in nature that the fescue response (represented by 
aboveground growth) to endophyte infection can be different from one fescue genotype 
to another (Figure 1.12).  
As mentioned previously, tall fescue is an obligate outcrosser (i.e., each seed is 
genetically different), meaning that even within a inbred cultivar, there is significant 
genetic variability among seedlings (Pedersen and Sleper, 1993). The plant host genetic 
variability interacts with fungal presence and strain to govern the nature of the symbiotic 
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response to the surrounding environment. Previous work done on perennial ryegrass 
(Lolium perenne) genetic clones by using infected and uninfected replicate ramets of 
different plant genotypes showed significant interaction between plant genotype and 
endophyte infection with regards to plant growth under normal environmental conditions 
(Cheplick and Cho, 2003; Cheplick, 2004; Hesse et al., 2004). In most of the studies on 
ryegrass and fescue cultivars, the authors found significant differences among plant 
genotypes, with regards to the plant physiology (competitiveness with red clover, 
phosphorus, magnesium, potassium, calcium and aluminum uptake, nitrogen 
concentration in aboveground tissues, ergot alkaloid accumulation, relative growth rate) 
in response to endophyte infection (Belesky and Fedders, 1996; Cheplick and Faeth, 
2009; Hill et al., 1990; Malinowski and Belesky, 1999; Malinowski et al., 1999; 
Malinowski and Belesky, 2000; Marks and Clay, 1996; Rahman and Saiga, 2005). 
Usually, the interaction between plant genotype and endophyte infection is significant. 
For instance, while aboveground biomass and growth can often be higher for tall fescue 
E+ than E- individuals (Bouton et al., 1993; Clay, 1987), this response to endophyte 
presence is not observed in all fescue genotypes, and in fact, some studies have found the 
opposite effect (E+ < E-) (Arachevaleta et al., 1989; Belesky et al., 1989; Belesky et al., 
1987). Under environmental stress conditions such as drought or warming treatments, 
studies on perennial ryegrass-endophyte symbiosis have highlighted the interaction 
between host genotype, endophyte genotype and environmental conditions. For example, 
Cheplick et al. (2000) found that endophyte conferred drought tolerance was observed in 
some ryegrass genotypes but not others. In tall fescue, very few studies have been done 
on this three-ways interaction (host genotype × endophyte genotype × environment). Hill 
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et al. (1996) investigated the response of three plant and endophyte genotypes to drought 
stress. They found that drought did not affect all the tall fescue populations equally. A 
few years later, Assuero et al. (2000) demonstrated that the two endophyte strains used in 
their study had different physiological influences under drought stress. Those studies 
provide evidence about the importance of three-way interactions between environment, 
host and symbiotic genotypes, but further research is needed, especially at the field level.  
Host genotype may influence the response of the plant to endophyte infection but 
some studies have also demonstrated the importance of endophyte genotype (strain) as 
well on different grasses (Faeth et al., 2002; Faeth et al., 2006), including tall fescue (Hill 
et al., 1996; Rudgers et al., 2010). For example, Bultman et al. (2009), working in the 
greenhouse with tall fescue infected with common toxic strains or with ergot alkaloid 
lacking  strains, reported that fungal genotype can influence growth and survival of an 
herbivore (fall armyworm Spodoptera frugiperda) and its parasitoid (Euplectrus 
comstockii). Biotic and abiotic factors can play a role in the governance of the plant-
endophyte symbiosis response. For example, Rudgers et al. (2010) observed that fescue 
genotype as well as endophyte genotype can influence plant composition and vegetation 
dynamics. The interaction between host genotype and endophyte infection and strain has 
been explored a little, but as Thompson (2005) suggested, the three-way interaction (host 
genotype × endophyte genotype × environment) is important to understanding the grass-
endophyte symbiosis, especially in times of climatic change. 
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1.4 Objectives and Hypotheses 
As the past studies illustrate, there are several gaps in our knowledge regarding 
the mechanisms that govern the response of the symbiosis to the surrounding 
environment, as well as the response of fescue infected with the novel-endophyte versus 
the common toxic strain to stressful environmental conditions. Considering the economic, 
ecological, and agronomic importance of tall fescue in the United States, and the fact that 
the climate is expected to change in coming years, we need to better understand how the 
tall fescue – endophyte symbiosis will respond to climate change. This new knowledge 
will benefit property owners of tall fescue dominated land, such as government agencies, 
hay producers, agronomists, ecologists, and animal producers, in the present and into the 
future.  
In an effort to address these knowledge gaps, I performed two studies. The first 
used existing tall fescue variety trial data collected from multiple locations throughout the 
U.S. over multiple years to explore relationships between air temperature, precipitation, 
and fescue yield of two different but commonly encountered fescue cultivars that were 
either endophyte-free or infected with the common toxic or novel endophyte (MaxQ). I 
hypothesized that tall fescue yield would be directly related to climate, location-specific 
parameters (such as soil type and fertility), and dependent on endophyte infection and 
strain and cultivar. Specifically, I hypothesized that infected fescue (either common toxic 
or novel) would yield more than E- stands, especially at locations that were hot and dry 
or years during these environmental conditions were prevalent.   
 In the second study, I investigated the interaction between fescue genotype, 
endophyte infection (common toxic and novel endophytes), and climate change factors 
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(elevated temperature and precipitation) on ecophysiological responses, using a 
manipulative field experiment located in central Kentucky. This project: 1) quantified 
fescue genotype controls on ecophysiological responses to climate change; 2) evaluated 
whether endophyte presence produced similar ecophysiological effects across the fescue 
genotypes; and 3) assessed the variability of ecophysiological responses of the fescue-
endophyte symbiosis to climate change. I expected to: 1) find strong fescue genotype 
differences with regards to their response to climate change stressors; 2) observe different 
ecophysiological responses produced by endophyte infection across plant genotype; and 
3) identify fescue – endophyte combinations that respond differently to climate change 
treatments. 
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Figure 1.1: Average historical annual temperatures (1951-2006) and predicted average 
temperature increases in °C (through 2050) for Kentucky depending on whether high or 
low greenhouse gas emission scenarios are experienced. The county circled in white is 
Fayette County, where the location of experimentation is (Tern and Brunjes, 2004). 
 
 
 
 
Figure 1.2: Average annual precipitation (1951-2006) and predicted average 
precipitation increase in mm (through 2050) for Kentucky depending on whether high or 
low greenhouse gas emission scenarios are experienced. The county circled in white is 
Fayette County, where the location of experimentation is (Tern and Brunjes, 2004). 
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Figure 1.3: Potential effects of (a) elevated CO2 concentrations and (b) warming and 
drought on beneficial plant–microbe interactions (Compant et al., 2010).  
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Figure 1.4: Interactions between environmental and genetic factors on the grass-
endophyte symbiosis, modified from Cheplick and Faeth (2009). 
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Figure 1.5: Distribution of tall fescue in the U.S. with the “transition zone” in darker 
green (Fribourg et al., 2009). Tall fescue is generally not adapted in white areas. It is 
adapted with a minor use in light green areas and is adapted with a major use in darker 
green areas. Notice Kentucky is located in this zone.  
 
 
Figure 1.6: Diagram of idealized tall fescue plant (Ball et al., 2007). 
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Figure 1.7: Distribution of tall fescue in Europe and Asia. (  ) Isolated occurrences, (  ) 
ssp. arundinacea, (- - -) ssp. orientalis, (. _ . _ .) ssp. fenas (Gibson and Newman, 2001). 
 
 
 
 
Table 1.1: Livestock health problems, associated with consumption of endophyte-
infected tall fescue. 
 
Livestock health 
problems Symptoms References 
Fescue foot 
Elevated respiration rate, 
gangrene, loss of hooves, tails 
and ears 
(Cunningham, 1948) 
Fescue toxicosis 
Failure to shed the winter 
haircoat, high respiration rates, 
intolerance to heat, reduction of 
milk production, low 
conception rates, poor animal 
gains 
(Hoveland et al., 1983; 
Stuedemann and Hoveland, 
1988) 
Bovine fat necrosis Accumulation of hard fat in the intestinal tract, difficult births 
(Bush et al., 1979; 
Stuedemann, 1975) 
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Figure 1.8: Presence of N. coenophialum hyphae in the aboveground portion of tall 
fescue, modified from Fribourg et al. (2009). 
 
 
 
 
Figure 1.9: Life cycle of the endophyte. Fungus and host cells growth are synchronized 
(Christensen et al., 2008).  
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Figure 1.10: Alkaloids produced by infected tall fescue: ergots, peramine and loline  
(Fribourg et al., 2009). 
 
 
 
 
 
 
 
Figure 1.11: Some physiological responses of endophyte-infected tall fescue to abiotic 
stress (Belesky and West, 2009; Fribourg et al., 2009).  
Loline 
Peramine 
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Figure 1.12: Comparison of fescue growth when it is endophyte infected (E+) or 
endophyte free (E-), for two different fescue genotypes (#1, #2). The response of 
genotype #1 to endophyte infection is not very visible with regards to the aboveground 
material size (E+ and E- look similar), whereas genotype #2 seems to respond very 
positively to endophyte presence (E+ > E-). 
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Chapter 2: Fescue Performance in Response to Endophyte Infection, Cultivar 
Selection and Climate Variables Across The Eastern U.S.  
2.1 Introduction 
Tall fescue [Festuca arundinacea = Schedonorus arundinaceus (Schreb.) 
Dumort.], a cool-season forage grass native to Europe, northern Africa and western and 
central Asia, is widely utilized in pasture systems in America, Australia, New-Zealand, 
and eastern Asia as forage, hay, or for control of soil erosion (Fribourg et al., 2009; 
Terrell, 1979). In the United States, it is the most utilized cultivated pasture grass, 
occupying close to 14 million hectare (Hill et al., 1990) primarily in the eastern half of 
the nation (Ball et al., 1993). The predominant tall fescue cultivar in Kentucky and across 
the southeastern U.S. is ‘Kentucky 31’ (KY-31), released in 1943 by the University of 
Kentucky (Ball et al., 1993; Fergus, 1952). KY-31 typically has relatively high forage 
yield and good long term persistence and environmental stress tolerance, especially when 
it is infected with a fungal endophyte, Neotyphodium coenophalium (Clay and Schardl, 
2002), which occurs in approximately 80% of tall fescue (Ball et al., 1993; Spyreas et al., 
2001).  
Tall fescue forage production and the degree of benefit derived from the 
endophytic symbiosis are sensitive to the surrounding environmental conditions, such as 
temperature and precipitation (Hasanuzzaman et al., 2013; Larcher, 2003; Malinowski 
and Belesky, 2000; Newman et al., 2003). The response of tall fescue to variation in 
climate has been shown to depend on endophyte presence within the plant. Over the past 
twenty years, a scientific body of work has shown that endophyte-infected (E+) and 
endophyte-free plants (E-) can respond differently to environmental stressors, such as 
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drought and high temperatures (Arachevaleta et al., 1989; Assuero et al., 2006; Chen and 
Renvoize, 2005; Ju et al., 2006; Malinowski and Belesky, 2000; Newman et al., 2003; Yu 
et al., 2012). For example, endophyte infection frequency has been shown to increase 
over time in populations of fescue from Tunisia, Morocco and Italy, especially when 
exposed to hot and dry conditions (Clement et al., 2001), and this has also been shown in 
southeastern United States pastures (Clay, 1988; Hill et al., 1998). However, despite the 
fact that endophyte infection can often confer benefits to the plant, the most commonly 
encountered strain of the endophyte also produces ergot alkaloids that are highly toxic to 
grazing livestock, and negatively affect the beef industry (Bacon, 1995; Bush et al., 1997; 
Cunningham, 1948; Pratt and Haynes, 1950). Because the economic impact of those toxic 
alkaloids are significant, efforts have been made to identify and develop naturally 
occurring endophyte strains that retain the common toxic endophyte benefits to the plant 
but lack the ability to produce the toxic ergot alkaloids.  
 Several expeditions to the Mediterranean area in the late 1990s and 2000s 
(Bouton et al., 2000), led to the successful identification, development and 
commercialization of several “novel” endophyte strains (a.k.a., non-toxic endophytes, 
Bouton and Easton, 2005; Nihsen et al., 2004). These novel strains produce varying 
amounts of loline, pyrrolizidine and peramine alkaloids (insect deterrents), but all lack 
the capability to produce the mammal-toxic ergot alkaloids (Latch et al., 2000; Waller et 
al., 2000). The best known novel endophyte to date is AR542, also called MaxQ (a 
trademark of Grassland Technology Ltd., Palmerston North, New Zealand) was inserted 
into the tall fescue cultivar ‘Jesup') (Bouton et al., 1997; Bouton et al., 2002) and 
commercialized in the US by Pennington Seed Co., Madison, GA. ‘Texoma’ MaxQII, a 
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different tall fescue cultivar and novel endophyte combination, which has been shown to 
have yields 20 % greater than ‘Jesup’ MaxQ, has just been released (Hopkins et al., 
2011). Because these novel endophytes do not produce ergot alkaloids (livestock-toxic 
alkaloids), but remain capable of producing lolines and peramines (repulsive to insects) 
to varying degrees, they are thought to confer some of the benefits that endophyte 
infection gives the plant (plant fitness), but none of the livestock toxicity issues (Agee 
and Hill, 1994; Beck et al., 2012; Belesky and Bacon, 2009; Bransby et al., 2002; Gunter 
and Beck, 2004; Hill et al., 1991; Hoveland, 1993). Indeed, tall fescue infected with 
novel endophytes has been shown to provide better performance than endophyte infected 
KY-31 for lambs, steers, beef cows and calves (Burns and Fisher, 2006; Johnson et al., 
2012; Parish et al., 2003a; Parish et al., 2003b; Schuenemann et al., 2005; Watson et al., 
2004). However, animal performance is not the only trait that governs the quality and the 
success of the fescue-novel endophyte combination.  
The interaction between fescue infected with the novel endophytes and the 
surrounding environment has been much less explored than that of KY-31 and the 
common toxic form of Neotyhpodium (Malinowski et al., 2005; Malinowski and Belesky, 
2006). It remains unknown whether infection with these novel strains will confer the 
same degree of environmental stress tolerance that the common toxic strain provides 
(Malinowski and Belesky, 2006). For example, Bouton et al. (2002) found that fescue 
infected with a novel endophyte showed 15% less survival than fescue infected with the 
common toxic strain under drought stress conditions. As the surrounding environment 
impacts the degree and nature of the fescue – endophyte symbiosis, and since climate is 
expected to change in the coming years (IPCC, 2007), the use of novel endophytes may 
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be compromised if we do not understand how they will respond to changing 
environmental conditions. Therefore, understanding how tall fescue responds to 
environmental conditions and how endophyte presence and strain alter these relationships 
will be critical to sustaining pasture production under future climate.  
In this study, I collected existing tall fescue variety trial data on KY-31 (either 
endophyte-free or common toxic endophyte infected) and Jesup (either endophyte-free or 
non-toxic endophyte infected) yields from different locations in the United States, and 
evaluated yield relationships with temperature and precipitation trends. I hypothesized 
the tall fescue yield would be climate, location, cultivar, and endophyte status dependent. 
Specifically, I hypothesized that: 1) tall fescue yields would be highest in warm and wet 
conditions; 2) relationships between yield and temperature and precipitation would vary 
across locations depending on differences in soil type and local management; 3) 
regardless of cultivar, E+ would perform better than E-, especially in hot and dry 
conditions, and for both common toxic and novel strains; and finally 4) when endophyte-
free, there would be a cultivar effect on yield.   
 
2.2 Material and Methods 
2.2.1 Collection of Data 
In order to perform this project, I had to collect as much forage variety trial yield  
data as possible from across the United States. Because of breeding efforts, the release of 
new cultivars, and the importance of tall fescue for forage and hay production, the 
performance of cultivars, with regard to fescue seedling vigor, maturity, percent stand 
and yield, is regularly evaluated by researchers at land grant universities located 
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throughout the U.S. These results are published in “Forage Variety Trials” reports and are 
usually made available to the public by the agronomic researchers performing the work. 
These reports gather information about plant cultivars (commercial or experimental 
varieties, endophyte status), selection considerations (local adaptation, seasonal yield), 
and design of tests (location, amount and dates of seeding, fertilization, irrigation, and 
harvest). Usually, perennial variety trials are conducted for more than one year and some 
sites maintain their test for several years. These reports also often contain information 
about local climate, such as monthly cumulative rainfall and average temperature. The 
more recent reports (after 2000) are mainly accessible on the internet, via Forage 
Extension websites.  
With this information, I constructed a large fescue database which I used to 
explore tall fescue performances in relation to climate parameters. The most commonly 
available fescue yield data consisted of KY-31 and Jesup cultivars (either infected by the 
common toxic endophyte Neotyphodium coenophialum or the novel endophyte MaxQ or 
non-infected, as reported in the published trial report). I was not able to verify the 
endophyte status of the material. Also, I was not able to collect individual plot-level data, 
as the reports typically present only the average yield and standard error across plots for a 
specific entry. 
 Data identification and collection was carried out from December 2011 to 
December 2012. Most of the data came from variety trials conducted in the eastern half 
of the United States, since this is the principal area of use for tall fescue (Figure 2.1). 
While forage variety trial data and summaries posted on University websites were very 
useful in gathering this information, there were occasions when it was not available or 
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when the reports were not complete. In this case, I directly contacted employees in charge 
of fescue variety trials via email or phone and requested the following information 
(Appendix 1): 
• Location of the trials (city, state); 
• Fescue establishment and harvest dates; 
• Endophyte status (E+, E-) and endophyte type (MaxQ, N. coenophialum); 
• Seedling rate, amount, timing, and frequency of fertilization and irrigation; 
• Local soil type. 
I also requested that individual sites provide local climate data (daily cumulative 
precipitation and daily average, minimum, and maximum temperature). For most sites, 
the source of these data was the local weather stations, found on University websites, but 
for a few without a local weather station, I extracted the necessary data from regional or 
national climate databases (Table 2.1).  
 
2.2.2 Selection of Parameters 
 The data available at each location varied with regard to the year of the trial, 
fescue stand age over time, harvest dates, and number of harvests per year (Appendices 1 
and 2), so I established specific criteria for which parameters would be selected for 
analysis, in an effort to keep my comparisons relevant. Because each location varied in 
the number of days between consecutive harvests and I wanted to compare yields across 
locations, I decided to work with daily yield (dividing the total yield for a given time 
period by the number of days between the preceding and relevant harvest dates). Because 
I was interested in investigating the importance of endophyte infection on fescue yield 
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response to variability in basic climate variables, and considering that endophyte 
infection is believed to influence fescue yield response under hot and dry conditions 
(Arachevaleta et al., 1989; Assuero et al., 2006; Bouton et al., 2002; Chen and Renvoize, 
2005; Ju et al., 2006; Malinowski and Belesky, 2000; Malinowski and Belesky, 2006; 
Newman et al., 2003; Yu et al., 2012), I chose to focus my analysis only on summer 
harvests. Therefore, I included in my analysis yields collected between the period of 
April-May and June-July-August harvests. For some sites, the summer period included 
more than one harvest (Appendix 1), so I selected the one that fell the most in the time 
window (Appendix 2). The rainfall and temperature data were also restricted to the 
summer period corresponding to that of the harvest at each site, but for those climate 
variables, I had the choice between using cumulative rainfall for the period or daily 
rainfall and daily maximum, minimum, or mean temperatures. I ran correlation models 
with SAS 9.3 (Table 2.2) and found that, in general, daily fescue yield was more 
correlated to daily rainfall than to cumulative rainfall, but I did not find strong evidence 
that one temperature parameter was better than another (daily maximum, minimum, or 
mean temperatures). Therefore, I conducted additional preliminary regression models by 
comparing daily yields only in Kentucky, a state with considerable data, with cumulative 
rainfall, daily rainfall and daily maximum, minimum, or average temperature (Table 2.3). 
In general, I found the same results as those observed in the correlation models with 
regards to the rainfall parameter most correlated with the fescue yield data (daily 
rainfall), but this analysis illustrated that daily average and average daily maximum 
temperature were more correlated with yield per day in Kentucky than the minimum 
daily temperature. In these preliminary Kentucky models, I also explored the relationship 
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of fescue yield and climate by fescue year of establishment. I found that the second-year 
of establishment, second harvest period (which is within the summer timeframe 
mentioned above) was the one with the most significant results and correlations, and 
therefore, I selected second-year post-establishment harvest summer data from all 
locations for the full analysis. 
 After the selection of the parameters, I had 151 fescue daily yields for the time 
period of interest, across locations, both varieties, and for all endophyte statuses and 
strains (Figure 2.1; Appendix 2). With this data, I performed several comparisons, to 
answer my objectives (Table 2.4):  
• To investigate on my first and second hypotheses, I evaluated the response 
(yield/day) of fescue to daily rainfall, daily maximum, and daily average 
temperature, across all cultivars and endophyte strains/statuses and across site 
locations (results shown on Table 2.5); 
• For my third hypothesis, I compared the response (yield/day) of endophyte 
infected (E+) versus endophyte free (E-) fescue to daily rainfall, daily maximum, 
and daily average temperature, across both cultivars and endophyte strains, and 
across site locations (results shown on Tables 2.6; 2.7); 
• For my last hypothesis, I compared the response (yield per day) of endophyte free 
(E-) KY-31 versus Jesup cultivars to daily rainfall, daily maximum, and daily 
average temperature, and across site locations (results shown on Table 2.8); 
All those comparisons were performed across all the 24 locations in the eastern 
half of the U.S. level to have a general view at the national level, but were also 
investigated at the state level, in Kentucky, comparing tall fescue performance at three 
35 
 
locations: Lexington, Princeton and Quicksand. Kentucky was selected for this approach 
because it is the state with the greatest number of data and locations of forage variety trial 
tests (n=28 at Lexington; n=11 at Quicksand and n=25 at Princeton; Appendix 2) and 
also has the most data collected over the longest time period (1995-2012; Appendix 2). 
While it would have been interesting to compare yield responses of a fescue cultivar 
infected with different strains of the endophyte and/or different cultivars infected with the 
same strain of endophyte, too little data existed for these comparisons to be meaningful 
(Jesup CTE+: n=2 in Mississippi State, MS and Starkville, MS; Appendix 1).  
 
2.2.3 Statistical Approach 
In this study, I was interested in evaluating whether there were statistical 
relationships between climatic variables and fescue production and whether these 
relationships varied depending on endophyte infection, fescue cultivar, and location 
where data were collected. To accomplish this goal, I utilized linear regressions, 
performed in SAS 9.3 using the statement PROC GLM. The response variable was either 
KY-31 or Jesup daily fescue yield. The fixed variables were location (a categorical 
variable that captured all possible differences across locations that might affect fescue 
yield, e.g. soil type, and fertilization frequency; Appendix 2), endophyte (presence or 
absence, strain dependent on the cultivar being examined; Table 2.4), cultivar (Jesup or 
KY-31), daily rainfall, average daily maximum and daily mean temperature, as well as 
the interactions among variables. I did not use any error term because I was not able to 
collect individual-plot harvests, therefore there were no replications. The CLASS 
statement within PROC GLM code included the categorical variables location and 
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endophyte. For these models, location was at the site level. I also performed similar types 
of models but averaged across locations within each state (location was still included as a 
categorical parameter, but was at the state level); however, I did not find any statistically 
significant relationships utilizing this state-level approach, except for one state - 
Kentucky, possibly due to the amount of data available within this state.  
 The statistical modeling process (“backward elimination”; McQuerry, personal 
communication) consisted of performing an overall F-test on a linear regression model 
including all the fixed effects and their interactions to see if there were any significant (p 
< 0.05) differences. Then, the significant effects appearing in Type I Sum of Squares 
SAS output were used to identify the parameters that best modeled the data. The “new” 
model (without including the non-significant effects) was run again and, considering 
Type III Sum of Squares, I identified what parameters influenced fescue yield (when p < 
0.05; Tables 2.5; 2.6; 2.7; 2.8).  
 
2.3 Results and Discussion 
In this study, I first hypothesized that tall fescue yields would be highest in warm 
and wet conditions, as has been previously demonstrated for both cultivars, regardless of 
endophyte status (Fribourg et al., 2009; Hannaway et al., 2009; Norton et al., 2006; West 
and Waller, 2007). My dataset included a range of climatic conditions and fescue yields 
(Figure 2.2A), allowing me to assess potential relationships. Across all locations, 
cultivars and endophyte statuses, fescue yields were dependent on daily rainfall, daily 
maximum, and average daily temperature (except for Kentucky only; Table 2.5), but in 
ways that differ from these previous reports. Fescue yield was enhanced with increasing 
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rainfall (Figure 2.3), but decreased with increasing daily average or maximum 
temperatures (Figure 2.4). When my analysis was performed with daily average 
temperature across all locations (Table 2.5) or only on the Jesup cultivar data from 
Kentucky (Table 2.7), both temperature and precipitation interacted with each other and 
modified the overall fescue yield (daily rainfall × daily temperature p-value < 0.0001 in 
both cases). In my dataset, precipitation and daily temperature data were positively 
correlated with one another (Table 2.2), as is commonly found in these types of 
observational studies and is an inherent limit to this type of approach to exploring 
climatic controls on plant growth. One would think that a positive correlation between 
temperature and precipitation (warmer sites are also wetter in this study), and a positive 
relationship between daily precipitation and yield would mean that yield would also 
increase with temperature – yet this is not what I found. It is possible that that my data 
did not capture enough evidence to show this relationship.  
My second hypothesis, in which relationships between yield, temperature and 
precipitation would vary across locations, depending on differences in soil type and local 
management, was validated since my data showed a strong effect of location when all 24 
sites were included in the model and also significant location × climate variable 
interactions, illustrating that the location effect was often modified by weather conditions 
in a particular year. When evaluated across all 24 sites for all cultivars and endophyte 
statuses, the importance of location to fescue yield was universally found in my analyses 
(Tables 2.5; 2.6; 2.7; 2.8). However, when I focused my investigation only on the Jesup 
cultivar (MaxQ+ and E-) and E- individuals (KY-31 and Jesup) data from Kentucky, 
location was not significant (Tables 2.7; 2.8). Also, daily temperature influenced KY-31 
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and Jesup fescue yield but in contrasting ways depending on location within Kentucky 
(Tables 2.5, 2.6; 2.7; 2.8). A positive relationship was observed between fescue yield and 
temperature parameters at Princeton, while negative relationships were found at the other 
two locations (Figures 2.5; 2.6). The effect of precipitation was modified by location 
when the analysis was only performed in Kentucky, regardless to cultivar and endophyte 
presence (Table 2.5), but it also interacted with daily maximum temperature when all 
locations were included  (three-way interaction p-value < 0.0001; Table 2.5).  
It appears that local conditions, such as soil type and crop management 
(frequency and amount of fertilization, irrigation, seedling, etc.), can be major controls on 
fescue production (Appendix 2; Hannaway et al. 2009). Soil type and crop management 
co-varied across majority of the sites in my study, limiting my ability to evaluate which 
of these potential location controls are the most important to fescue production.  
However, in Kentucky, crop management was similar across locations, and I still 
observed a significant location effect. This suggests that there are differences in edaphic 
conditions, which is supported by the different soil types across the three locations 
(Appendix 2), or other, not accounted for differences between locations, that are 
important in controlling fescue yield in this state, such as site elevation, local herbivory, 
etc.  
In my third hypothesis, I predicted that endophyte infection would positively 
affect fescue yield, especially in hot and dry conditions, but my analyses did not support 
this hypothesis. For neither KY-31 (CTE+ vs E-) nor Jesup (MaxQ+ vs E-), in the “all 
locations” or “Kentucky only” analysis, was endophyte status significant. Nor did 
endophyte status interact with any of the climate parameters (Tables 2.6; 2.7) to 
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significantly influence fescue yields. Indeed, when averaged across locations with each 
state, there was no obvious difference in fescue yield for CTE+ versus E- for KY-31 or 
for MaxQ+ versus E- for Jesup (Figure 2.2B). The existing literature has widely explored 
and typically reports the benefits that endophyte presence (CTE and MaxQ) often gives 
to tall fescue, and those benefits are most commonly observed under extreme hot and dry 
weather conditions (Arachevaleta et al., 1989; Assuero et al., 2006; Bouton et al., 2002; 
Chen and Renvoize, 2005; Ju et al., 2006; Malinowski and Belesky, 2000; Newman et al., 
2003; Tapper and Latch, 1999; Yu et al., 2012). My results stand in contrast to this prior 
work. However, Malinowski et al. (2005), found that, after an extreme drought in 2003, 
tiller survival of Jesup infected with MaxQ was not different than Jesup endophyte-free, 
whereas tiller survival was higher for MaxQ+ than E- from 1997 to 2002, at the same 
location. Also, a few studies have not supported the benefits of native or novel endophyte 
presence with regards to persistence of grasses (Barker et al., 2005; Hume and Barker, 
2005). My analysis suggests that similar to other grass species that form symbioses with 
fungal endophytes, endophyte infection in tall fescue does not always increase fescue 
yield per day over E- counterparts. It is possible that my dataset does not capture extreme 
enough environmental conditions to invoke the endophyte advantages for tall fescue; 
however, my dataset did include hot and dry conditions (the most extreme conditions 
were provided by New-Mexico: 32 °C daily maximum temperature; 21 °C average daily 
temperature and 0.1 mm daily precipitation; from May to July in 2005; Appendix 2). 
With more data, I might have been able to find differences between common toxic 
endophyte and novel endophyte infected stands and their endophyte-free counterparts.   
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In my fourth hypothesis, I expected to find a significant effect of cultivar on E- 
fescue yield, but again, this was not supported by my results (Table 2.8). In my dataset, 
there was no difference in yields between E- Jesup and KY-31, in contrast to some 
studies that have shown fescue cultivar effects on yield (Assuero et al., 2000; Cui et al., 
2006; Elmi and West, 2006; Rudgers et al., 2010; Yurkonis et al., 2012) and similar 
cultivar effects have been shown on other grass species (e.g. perennial ryegrass, 
orchardgrass and meadow fescue; (Kölliker et al., 1999; Krauss et al., 2007). My analysis 
also indicates that the two fescue cultivars behaved similarly with regards to their yield 
response to climatic parameters, as cultivar × climate interactions were never significant 
(Table 2.8). My data indicate that at least for endophyte-free individual plants of these 
two cultivars, cultivar differences in plant performance are not always observed. 
However, I collected only 34 endophyte-free KY-31 and 10 endophyte-free Jesup data 
points, which could be not enough to capture the cultivar effect.   
In conclusion, although I expected to find a strong influence of precipitation, 
temperature, endophyte presence, and cultivar on tall fescue yield in North America, it 
appears that local factors, such as site management and soil type, were overwhelmingly 
the main factors influencing fescue performance in this dataset. More data, especially 
over a broader environmental context and more detail regarding additional site-level 
differences, would have allowed me to further explore the controls on fescue growth. 
Similarly, having paired stands of endophyte-infected and free fescue consistently present 
within the same site, or multiple years of data of one cultivar infected with different 
strains of endophyte at multiple sites, would have greatly extended the scope of this type 
of study.  
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Figure 2.1: Distribution of forage variety trial fescue yield data collected for this study. 
The available data (states colored in blue-green) came from one, two, or three locations 
within the state (numbers located on the map); whereas, the rest of the states (states 
colored in grey) did not have data available. 
 
 
 
 
 
 
Table 2.1: Weather database used to provide local cumulative precipitation and daily 
maximum, minimum, and average temperature for each site.  
 
State Location Weather Database 
Georgia www.georgiaweather.net 
Illinois www.isws.illinois.edu/data.asp 
Kansas www.ksre.ksu.edu/wdl 
Kentucky www.agwx.ca.uky.edu 
Michigan www.agweather.geo.msu.edu/mawn 
Mississippi www.geosciences.msstate.edu/stateclimatologist.htm 
New-Mexico www.weather.nmsu.edu/climate/ws/data/295150 
North Carolina www.nc-climate.ncsu.edu 
Ohio www.oardc.ohio-state.edu/newweather 
Pennsylvania www.climate.psu.edumeteo.psu.edu/~syrett/kpsu.shtml 
Tennessee www.ag.tennessee.edu/climate/Pages/default.aspx 
Wisconsin www.wunderground.com 
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Table 2.2: Correlations between fescue yield per day and all the factors (climate 
variables, endophyte status, location, and fescue cultivar). The data were calculated from 
a period between two summer harvests (see Appendix 2 for details). In each cell, the top 
value indicates the positive or negative Pearson correlation coefficient; whereas, the 
bottom value refers to the p-value that tests the null hypothesis (i.e., that there is no 
relationship between the variables; p-value < 0.05 when bolded, indicating a correlation 
is present). 
 
 Yield per Day 
Cumul. 
Rainfall 
Daily 
Rainfall 
Daily Min. 
Temp. 
Daily Max. 
Temp. 
Average 
Daily 
Temp. 
Endo. 
Status & 
Strain 
Location Fescue Cultivar 
Yield per 
Day  
-0.0108 
0.8927 
0.1623 
0.0465 
-0.0171 
0.8298 
-0.1433 
0.0791 
-0.1309 
0.1090 
-0.0811 
0.3222 
0.0341 
0.6773 
0.0460 
0.5753 
Cumul. 
Rainfall 
-0.0108 
0.8927  
0.8394 
<0.0001 
0.9556 
0.2294 
-0.1942 
0.0138 
-0.0575 
0.4703 
0.0146 
0.8543 
-0.1313 
0.0978 
0.1717 
0.0299 
Daily 
Rainfall 
0.1623 
0.0465 
0.8394 
<0.0001  
0.1963 
0.0129 
-0.1976 
0.0150 
0.0124 
0.8795 
-0.1288 
0.1150 
-0.1309 
0.1092 
0.2051 
0.0115 
Daily 
Min. 
Temp. 
-0.0171 
0.8298 
0.0956 
0.2294 
0.1963 
0.0129  
0.6715 
<0.0001 
0.9259 
<0.0001 
0.0710 
0.3726 
0.1850 
0.0192 
-0.0497 
0.5327 
Daily 
Max. 
Temp. 
-0.1433 
0.0791 
-0.1942 
0.0139 
-0.1976 
0.0150 
0.6715 
<0.0001  
0.8850 
<0.0001 
0.0685 
0.4032 
-0.0815 
0.3197 
-0.0573 
0.4846 
Average 
Daily 
Temp. 
-0.1309 
0.1090 
-0.0575 
0.4703 
0.0124 
0.8795 
0.9259 
<0.0001 
0.8850 
<0.0001  
0.0383 
0.6410 
-0.3371 
<0.0001 
-0.0177 
0.8293 
Endo. 
Status & 
Strain 
-0.0811 
0.3222 
0.0146 
0.8543 
-0.1288 
0.1150 
0.0710 
0.3726 
0.0685 
0.4032 
0.0383 
0.6410  
-0.0349 
0.6702 
-0.8372 
<0.0001 
Location 0.0341 0.6773 
-0.1313 
0.0978 
-0.1309 
0.1092 
0.1850 
0.0192 
-0.0815 
0.3197 
-0.3371 
<0.0001 
-0.0349 
0.6702  
0.06581 
0.4220 
Fescue 
Cultivar 
0.0460 
0.5753 
-0.1717 
0.0299 
0.2051 
0.0115 
-0.0497 
0.5327 
-0.0573 
0.4846 
-0.0177 
0.8293 
-0.8372 
<0.0001 
0.0336 
0.6825  
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Table 2.3: Preliminary models for Kentucky data only, including tall fescue yield per day 
(for Jesup (novel endophyte infected, MaxQ+; or free, E-) and KY-31 (common toxic 
endophyte infected, CTE+; or free, E-), precipitation (cumulative or daily rainfall), and 
temperature (daily minimum, maximum, or average). In each cell, the top value indicates 
the R-square whereas the bottom value refers to the p-value (p-value < 0.05 when 
bolded). Each model was performed with every harvest of different aged fescue stands 
(one or two years old). 
 
Year of 
Establishment Harvest 
Cumulative 
Rainfall 
Daily 
Precipitation 
Daily 
Minimum 
Temperature 
Daily 
Maximum 
Temperature 
Average 
Daily 
Temperature 
1st Year 
1st 
Harvest 
0.08 
0.3742 
0.14 
0.0888 
0.09 
0.3158 
0.16 
0.0575 
0.21 
0.0152 
2nd 
Harvest 
0.11 
0.1750 
0.50 
<0.0001 
0.03 
0.8376 
0.15 
0.0709 
0.07 
0.4401 
3rd 
Harvest 
0.04 
0.7381 
0.11 
0.1457 
0.03 
0.8128 
0.04 
0.7155 
0.04 
0.6844 
4th 
Harvest 
0.08 
0.4320 
0.24 
0.0188 
0.17 
0.0937 
0.11 
0.2881 
0.14 
0.1521 
5th 
Harvest 
0.23 
0.6413 
0.05 
0.9594 
0.17 
0.7477 
0.15 
0.7915 
0.17 
0.7477 
2nd Year 
1st 
Harvest 
0.02 
0.9357 
0.02 
0.9357 
0.07 
0.4877 
0.04 
0.7944 
0.07 
0.5220 
2nd 
Harvest 
0.16 
0.1003 
0.20 
0.0405 
0.16 
0.1146 
0.29 
0.0047 
0.20 
0.0419 
3rd 
Harvest 
0.17 
0.1106 
0.02 
0.9220 
0.03 
0.8664 
0.02 
0.9368 
0.02 
0.9227 
4th 
Harvest 
0.06 
0.8774 
0.09 
0.7621 
0.17 
0.4575 
0.04 
0.9363 
0.12 
0.6321 
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Table 2.4: The number of data points used for statistical comparisons performed on 
fescue performance (yield per day) from multiple locations, collected over a range in 
time. KY-31 and Jesup refer to the two cultivars used in this study, and CTE+ and 
MaxQ+ indicate the cultivars were infected by a specific endophyte strain (common toxic 
endophyte, novel endophyte MaxQ, respectively) or were uninfected by Neotyphodium 
(E-). Some states had multiple locations (see Appendix 1). 
Comparison Number of data State of Location Year Range 
H1: Effect of 
temperature 
and 
precipitation 
Across 
cultivar and 
endophyte 
status 
151 
Georgia, Illinois, Kansas, 
Kentucky, Michigan, 
Mississippi, New Mexico, 
North Carolina, Ohio, 
Pennsylvania, Tennessee, 
Wisconsin 
1977 - 2012 
H2: Effect of 
location 
H3: Influence 
of endophyte 
infection (for 
KY-31 and for 
Jesup) 
CTE+ 67 
Georgia, Illinois, Kansas, 
Kentucky, Michigan, 
Mississippi, North Carolina, 
Ohio, Pennsylvania, 
Wisconsin 
1977 - 2012 
E- 34 
Illinois, Kansas, Kentucky, 
Mississippi, Ohio, 
Pennsylvania 
1992 - 2012 
MaxQ+ 40 
Georgia, Illinois, Kansas, 
Kentucky, Michigan, 
Mississippi, New Mexico, 
Ohio, Pennsylvania, 
Tennessee 
2002-2011 
E- 10 Georgia, Kentucky, Mississippi,  Ohio 1991 - 2012 
H4: Influence 
of cultivar, for 
E- only 
KY-31 34 
Illinois, Kansas, Kentucky, 
Mississippi, Ohio, 
Pennsylvania 
1992 - 2012 
Jesup 10 Georgia, Kentucky, Mississippi, Ohio 1991 - 2012 
 
Table 2.5: Significant (F- and p-values) and non-significant (NS) results of statistical 
models comparing fescue yields (n=151; across cultivar and endophyte status) with 
location (Loc), daily precipitation (Precip), temperature (Temp; either average daily 
maximum or daily average) and their interactions. The columns named “All locations” 
refer to the models where all available locations (n=24) were included in the model; 
whereas “only for Kentucky” columns refer to the models where only the three locations 
in Kentucky were included (Lexington, Princeton, Quicksand).  
 
All locations Only for Kentucky 
Temperature = Daily 
Max. Temp. 
Temperature = 
Average Daily Temp. 
Temperature = 
Daily Max. Temp. 
Temperature = 
Average Daily Temp. 
F-value P-value F-value P-value F-value P-value F-value P-value 
Location 19.78 <0.0001 18.91 <0.0001 6.49 0.0030 5.31 0.0078 
Daily Precipitation 40.20 <0.0001 38.43 <0.0001 9.61 0.0031 7.86 0.0070 
Temperature 35.72 <0.0001 30.82 <0.0001 NS NS NS NS 
Precip × Temp NS NS 5.54 <0.0001 NS NS NS NS 
Precip × Loc NS NS NS NS 6.84 0.0023 6.28 0.0035 
Temp × Location 4.40 <0.0001 4.31 0.0002 11.08 <0.0001 7.58 0.0012 
Precip × Temp × Loc 6.35 <0.0001 NS NS 3.54 0.0207 NS NS 
45 
 
Table 2.6: Significant (F- and p-values) and non-significant (NS) results of statistical 
models comparing KY-31 fescue yields per day (n=101) with location (Loc), daily 
precipitation (Prec), temperature (Temp; either average daily maximum or daily average), 
endophyte status (Endo; CTE+, E-), and their interactions. The interaction location × 
endophyte was not included in the model because CTE+ and E- fescue yields were not 
always collected for each location (Appendix 1). The columns named “All locations” 
refer to the models where all available locations (n=24) were included in the model; 
whereas “only for Kentucky” columns refer to the models where only the three locations 
in Kentucky were included (Lexington, Princeton, Quicksand).  
 
 
All locations Only for Kentucky 
Temperature = Daily 
Max. Temp. 
Temperature = 
Average Daily Temp. 
Temperature = 
Daily Max. Temp. 
Temperature = 
Average Daily Temp. 
F-value P-value F-value P-value F-value P-value F-value P-value 
Location 13.01 <0.0001 14.43 <0.0001 6.12 0.0043 6.64 0.0030 
Daily Precipitation 18.83 <0.0001 20.88 <0.0001 NS NS 7.68 0.0082 
Temperature 15.20 0.0002 14.46 0.0003 NS NS NS NS 
Endophyte Status NS NS NS NS NS NS NS NS 
Prec× Temp NS NS NS NS NS NS NS NS 
Prec × Endo NS NS NS NS NS NS NS NS 
Temp × Endo NS NS NS NS NS NS NS NS 
Prec × Temp × Endo NS NS NS NS NS NS NS NS 
Prec × Loc 3.86 0.0002 4.20 0.0002 NS NS NS NS 
Temp × Loc NS NS 2.78 0.0186 8.52 0.0007 3.47 0.0397 
Prec × Temp × Loc NS NS NS NS NS NS 5.42 0.0029 
 
 
 
Table 2.7: Significant (F- and p-values) and non-significant (NS) results of statistical 
models comparing Jesup fescue yields per day (n=44) with location (Loc), daily 
precipitation (Prec), temperature (Temp; either average daily maximum or daily average), 
endophyte status (Endo; MaxQ+, E-) and their interactions. The interaction location × 
endophyte was not included in the model because MaxQ+ and E- fescue yields were not 
always collected for each location (Appendix 1). The columns named “All locations” 
refer to the models where all available locations (n=24) were included in the model; 
whereas “only for Kentucky” columns refer to the models where only the three locations 
in Kentucky were included (Lexington, Princeton, Quicksand). 
 
 
All locations Only for Kentucky 
Temperature = 
Daily Max. Temp. 
Temperature = 
Average Daily Temp. 
Temperature = 
Daily Max. Temp. 
Temperature = 
Average Daily Temp. 
F-value P-value F-value P-value F-value P-value F-value P-value 
Location 4.30 0.0003 4.34 0.0002 NS NS NS NS 
Daily Precipitation 6.18 0.0185 6.23 0.0180 NS NS NS NS 
Temperature 5.82 0.0219 6.14 0.0189 NS NS 10.99 0.0061 
Endophyte Status NS NS NS NS NS NS NS NS 
Prec × Temp NS NS NS NS NS NS 81.40 0.0001 
Prec × Endo NS NS NS NS NS NS NS NS 
Temp × Endo NS NS NS NS NS NS NS NS 
Prec × Temp × Endo NS NS NS NS NS NS NS NS 
Prec × Loc NS NS NS NS NS NS NS NS 
Temp × Loc NS NS NS NS 44.99 0.0003 NS NS 
Prec × Temp × Loc NS NS NS NS NS NS NS NS 
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Table 2.8: Significant (F- and p-values) and non-significant (NS) results of statistical 
models comparing E- fescue yields per day (n=50) with location (Loc), daily 
precipitation (Precip), temperature (Temp; either average daily maximum or daily 
average), cultivar (Cult; KY-31, Jesup) and their interactions included in the model. The 
interaction location × cultivar was not included in the model because KY-31 and Jesup 
fescue yields were not always collected for each location (Appendix 1). The columns 
named “All locations” refer to the models where all available locations (n=24) were 
included in the model; whereas “only for Kentucky” columns refer to the models where 
only the three locations in Kentucky were included (Lexington, Princeton, Quicksand). 
 
 
All locations Only for Kentucky 
Temperature = Daily 
Max. Temp. 
Temperature = 
Average Daily Temp. 
Temperature = 
Daily Max. Temp. 
Temperature = 
Average Daily Temp. 
F-value P-value F-value P-value F-value P-value F-value P-value 
Location 12.14 <0.0001 9.20 <0.0001 NS NS NS NS 
Daily Precipitation 5.00 0.0349 NS NS NS NS NS NS 
Temperature NS NS NS NS NS NS NS NS 
Cultivar NS NS NS NS NS NS NS NS 
Prec × Temp NS NS NS NS NS NS NS NS 
Prec × Cultivar NS NS NS NS NS NS NS NS 
Temp × Cultivar NS NS NS NS NS NS NS NS 
Prec × Temp × Cult NS NS NS NS NS NS NS NS 
Prec × Loc NS NS NS NS NS NS NS NS 
Temp × Loc 2.79 0.0336 NS NS 8.50 0.0015 4.64 0.0193 
Prec × Temp × Loc NS NS NS NS NS NS NS NS 
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Figure 2.2: Daily precipitation and temperature (A), and fescue yield per day (B) (KY-31 
CTE+, E-; Jesup MaxQ+, E-; mean ± standard error), averaged across each state and 
across years for the harvest period of interest (see Appendix 2 for more details). Not all 
states had all cultivars and endophyte statuses of fescue. 
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Figure 2.3: Fescue yield per day trends with daily precipitation, including all cultivars, 
endophyte strain/status, and site locations. The line refer to the regression line (+95% 
confidence interval) for this model (r2=0.026; p-value<0.0001).  
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Figure 2.4: Fescue yield/day trends with daily maximum temperature (A; r2=0.021; p-
value<0.0001) or daily average temperature (B; r2=0.021; p-value<0.0001), including all 
cultivars, endophyte strain/status, and site locations. The lines refer to the regression line 
(+95% confidence interval) for this model.  
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Figure 2.5: KY-31 yield per day, for three locations in Kentucky (Lexington, Princeton, 
Quicksand), trends with daily maximum temperature (A) or daily average temperature 
(B), illustrating the interaction between location and daily temperature. The lines refer to 
the regression line (+95% confidence interval) for each location. The values on the top 
corner indicate the significance (p-value) or the non significance (NS) of each factor. 
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Figure 2.6: Endophyte free (E-) fescue yield per day, from three locations in Kentucky, 
trends with daily maximum temperature (A) or daily average temperature (B), illustrating 
the interaction between location and daily temperature. The lines refer to the regression 
line (+95% confidence interval) for each location. The values on the top corner indicate 
the significance (p-value) or the non-significance (NS) of each factor. 
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Chapter 3: Effects of Plant Genotype and Fungal Endophyte Presence on Tall 
Fescue Response to Climate Change 
3.1 Introduction 
With climate change, the eastern part of the United States is predicted to 
experience a temperature increase by +2 to +5 °C and an average annual rainfall increase 
by +10 to +30 % (Burkett et al., 2000; IPCC, 2007). At a finer geographical scale, 
projections predict that, over the next fifty years, temperature in Kentucky will be 
increased by 2.0 to 2.8 °C and mean annual precipitation will increase by 1.5 to 8.6 % 
over current levels (Tern and Brunjes, 2004). Ecosystems are likely to be differentially 
impacted by these changes in climate (IPCC, 2007). Kentucky has many ecosystems: for 
example, 47% of Kentucky is covered by forests and 28% by managed grasslands (a.k.a. 
pastures) and row crop agriculture (USEPA, 1998; Ball et al., 2007). Because of the 
extensive acreage of pastures in Kentucky and their importance in sustaining beef cattle 
production in the state, it is important to better understand pasture response to climate 
change to help farmers be ready for it.  
Environmental changes, such as those that will accompany climate change, affect 
ecosystem structure and function, as well as species interactions (IPCC, 2007), such as 
plant-microbial symbioses. The relationship that links a plant and a microbe can range 
from parasitic to mutualistic (Galston et al., 1980). A mutualism refers to an exchange of 
benefits between the two. Plant-microbe mutualistic relationships have been shown to be 
sensitive to changes in biotic and abiotic factors (Compant et al., 2010; Herre et al., 
1999). For instance, Kivlin et al. (2013) examined plant responses to global 
environmental change (including enriched atmospheric CO2, drought, nitrogen 
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deposition, and warming) as modified by association with four different classes of fungal 
symbionts. With some global change factors, plant-microbe symbioses stimulated the 
plant biomass response to the factor, but this was not universally the case. For example, 
dark septate endophytes tended to stimulate plant biomass in response to warming, 
whereas presence of arbuscular mycorrhizal fungi did not influence plant response to this 
environmental change factor. Plant responses to global change factors were dependent on 
whether the plant was in symbiosis with a fungal symbiont for all four classes of 
symbiont examined (Kivlin et al., 2013). This paper identified critical gaps in our 
knowledge concerning the importance of plant-fungal symbioses in predicting plant 
response to climate change, especially regarding the benefits of fungal infection under 
warming and altered water availability scenarios.  
A particular class of plant-microbe symbiosis that has received relatively limited 
attention from a global change perspective is that of aboveground fungal endophytes 
(Kivlin et al., 2013). One such symbiosis, which is agriculturally, ecologically, and 
economically important in the U.S. and elsewhere and has received significant scientific 
attention over the past seventy years, is the tall fescue [Festuca arundinacea (Schreb.) = 
Schedonorus arundinaceus Dumort.]-Neotyphodium coenophialum symbiosis (Ball et al., 
1993; Hill et al., 1990). Because this specific symbiosis is widespread, and of agricultural 
significance, improving our understanding of its likely response to climate change is 
important and has implications for world food production in the future. 
Tall fescue is a cool-season forage grass native to Eurasia, but has been widely 
adopted and utilized in pasture systems of the southeastern of the U.S. since the twentieth 
century (Terrell, 1979). ‘Kentucky 31’ (KY-31), released in 1943 by the University of 
54 
 
Kentucky, is the predominant tall fescue cultivar in Kentucky and across the southeast 
(Ball et al., 1993; Fergus, 1952). It is thought that tall fescue is able to persist in the 
grazed, hot and dry conditions commonly found in this region because of its ability to 
form a mutualistic relationship with the fungal endophyte, Neotyphodium coenophialum 
(Clay and Schardl, 2002). The fungus is an asexual and vertically transmitted endophyte. 
It grows intercellularly in the above-ground part of the plant and tends to be most 
abundant in the pseudostem (Christensen and Voisey, 2007). The fungus uses amino 
acids and sugars produced by the plant for its metabolism and produces alkaloids and 
other biochemicals that are thought to benefit the plant (Bush et al., 1997; West, 1994). 
Soon after KY-31 was widely adopted in the southeastern U.S., farmers noticed severe 
livestock health problems resulting in poor animal performance grazing these pastures, 
i.e., fescue toxicosis (Bacon, 1995; Cunningham, 1948; Pratt and Haynes, 1950). These 
troubles were linked to animal consumption of tall fescue, and, in particularly, to 
ergovaline alkaloids produced by N. coenophialum (Aiken and Strickland, 2013; Bush et 
al., 1979; Bush et al., 1997; Strickland et al., 2011).  
Once it was understood that ergot alkaloids produced by the fungal endophyte are 
toxic to mammals, efforts were made to identify and develop naturally occurring 
endophyte strains that retain the benefits endophyte infection confers to the plant (such as 
plant persistence, insects-deterrent alkaloid production, beef performance; Tapper and 
Latch, 1999; Watson et al., 2004) but lack the ability to produce fescue toxicosis in 
grazing animals. These efforts have been successful and several “novel” endophyte 
strains (a.k.a., non-toxic endophytes) have been developed. These novel strains produce 
loline, pyrrolizidine and peramine alkaloids (insect deterrents) but not the mammal-toxic 
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ergot alkaloids (Bouton and Easton, 2005; Latch et al., 2000; Nihsen et al., 2004; Waller 
et al., 2000).  
Research over the past decade has shown that livestock grazing fescue infected 
with the novel endophytes have higher productivity than those grazing fescue infected 
with the common toxic strain (Bouton et al., 2002; Parish et al., 2003a; Parish et al., 
2003b; Watson et al., 2004). Only a few studies have explored ecological differences 
between novel and common toxic endophyte infected stands, but they suggest that 
ecological effects of novel endophyte infection are intermediate to endophyte-free and 
common toxic infected (Malinowski and Belesky, 2006). There is very little known 
regarding the physiological differences and likely response to climate change of plants 
infected with these different strains of Neotyphodium, despite the fact that new novel 
strains are being introduced to the market and adopted by producers (Hopkins et al., 
2011).   
Years of research on the tall fescue – endophyte symbiosis has yielded a body of 
work that suggests common toxic endophyte-infected (CTE+) and endophyte-free plants 
(E-) respond differently to environmental stressors, such as drought and high 
temperatures (Arachevaleta et al., 1989; Assuero et al., 2006; Chen and Renvoize, 2005; 
Ju et al., 2006; Malinowski and Belesky, 2000; Newman et al., 2003; Yu et al., 2012). 
For example, CTE+ individuals and stands can have greater biomass and better recovery 
following drought than E- (Arachevaleta et al., 1989; Clay and Schardl, 2002; 
Malinowski and Belesky, 2000; Marks and Clay, 1996; West, 1994). The mechanisms 
contributing to this response are complex and still not fully known, but appear to involve 
biochemical, physiological and overall plant growth responses that are influenced by the 
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presence of the endophyte. For example, greater cell solute accumulation has been 
measured in CTE+ vs. E- individuals and may reduce the loss of cell turgor under dry 
conditions, thereby assisting in drought recovery (Elmi and West, 2006; Schardl et al., 
2004). Enhanced sugar accumulation in leaf sheaths of CTE+ plants may play a similar 
role (Richardson et al., 1992). It has been suggested that when soil water deficit starts, 
CTE+ tall fescue may reduce growth rates and accelerate senescence while accumulating 
osmoprotectants in tiller bases – all of which may promote survival of CTE+ individuals 
over E- counterparts. As another biochemical mechanism, alkaloids produced by the 
fungal endophyte may contribute to this environmental stress response, as they have been 
shown to increase in concentration under heat stress (Agee and Hill, 1994) and in 
response to elevated temperatures (Arachavaleta et al., 1992; Brosi, 2011). Ergot and 
loline alkaloids are produced throughout the year, but tend to be highest in late summer, 
corresponding to times of high heat and water stress and low tall fescue growth (Bush et 
al., 1993).  
Plant growth mechanisms that appear to be involved in the drought tolerance 
response triggered by the endophyte include differences in vegetative growth and 
allocation. For example, it has been observed that root biomass may be higher for CTE+ 
than E- plants (Arachevaleta et al., 1989; Elmi et al., 2000; Fribourg et al., 2009). Greater 
root biomass may enhance acquisition of water, especially during times of water stress, 
and could sustain plant growth and physiological processes such as photosynthesis. Water 
potential has been shown to be higher in CTE+ vs. E- plants (Fribourg et al., 2009), but 
this response was reversed under soil water deficit conditions (Assuero et al., 2006). 
Under the same conditions, endophyte presence has been shown to increase leaf rolling, 
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helpful to avoid water loss, tiller recruitment, which typically peaks at the end of the 
spring (Robson, 1968), and tiller size (Arachevaleta et al., 1989; Elmi and West, 1995). 
Much remains to be learned about the various mechanisms that contribute to the drought 
tolerance conferred by the endophyte to tall fescue. 
Similarly, there are many existing uncertainties about the endophyte’s role in heat 
stress tolerance and recovery. Under heat stress conditions, endophyte presence appears 
to alter physiological mechanisms such as photosynthesis rates and stomatal conductance 
in ways that may enhance plant tolerance and recovery (Belesky and West, 2009). For 
example, photosynthesis rates are often higher in CTE+ than in E- plants when both host 
and fungus are exposed to temperatures above 35 °C (Marks and Clay, 1996; Newman et 
al., 2003). In addition, under elevated temperature conditions stomata close earlier in 
CTE+ than E- individuals, which may also protect the plant from excessive water loss 
(Belesky et al., 1987; Elmi and West, 1995). E- individuals often experience higher tiller 
mortality than CTE+ (Bouton et al., 1993). However, Brosi (2011) found that tiller 
mortality was higher for CTE+ then E- individuals under elevated heat conditions. In 
general, responses of the plant-fungal symbiosis to temperature changes and the 
mechanisms involved are not well-understood and need further exploration (Belesky and 
West, 2009).  
While much of the research to date suggests that endophyte infection enhances 
tall fescue tolerance to environmental stress, positive endophyte effects, such as 
highlighted above, are not always observed. There are many examples were either no 
effect of endophyte presence (e.g., for tiller production, drought recovery, photosynthetic 
rates, leaf growth rates, root biomass; Elbertsen and West, 1996; Maclean et al., 1993) or 
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a negative effect have been measured (e.g., higher tiller mortality under warming in 
CTE+ than E-; Brosi, 2011; only one out of three endophyte isolates stimulated fescue 
growth under drought stress; Hill et al., 1996). Obviously, the fungal endophyte is not 
always beneficial to the host plant. It is likely that the degree of mutualism depends on 
environmental conditions such that under certain regimes the endophyte might even 
become parasitic (Brosi, 2011), which is consistent with work on other grass-endophyte 
symbioses that clearly illustrates the nature of these plant-microbe relationships can vary 
considerably across space and time (Brosi, 2011; Cheplick and Faeth, 2009; Clay and 
Schardl, 2002; Saikkonen et al., 1998). Furthermore, the fescue-endophyte symbiosis is 
under plant and fungal genetic control, all of which interacts with the surrounding 
environment (Cheplick and Faeth, 2009), and to date, very little genetic control work has 
been performed on this symbiosis.  It is possible that not controlling for plant and fungal 
genetic variability has contributed to the contradictory reports on endophyte effects in tall 
fescue.   
Tall fescue is an obligate outcrosser (i.e., each seed is genetically unique), 
meaning that even within a bred cultivar population, there is significant genetic 
variability (Pedersen and Sleper, 1993).  This plant host genetic variability most likely 
interacts with fungal presence and strain to govern the nature of the symbiotic response to 
the surrounding environment (Thompson, 2005). To explore plant genetic control clone 
pairs must be developed, and this has been done for perennial ryegrass and tall fescue by 
using infected and uninfected replicate ramets of different plant genotypes (Cheplick and 
Cho, 2003; Cheplick, 2004; Hesse et al., 2004).  In most of the studies on different 
ryegrass or fescue genotypes, the authors found significant differences between the plant 
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genotypes, with regards to the plant physiology responding to endophyte infection 
(Cheplick and Faeth, 2009; Hill et al., 1990; Marks and Clay, 1996). Usually, the 
interaction between plant genotype and endophyte infection is significant. For instance, 
while aboveground biomass and growth can often be higher for E+ than E- tall fescue 
individuals (Bouton et al., 1993; Clay, 1987), this response to endophyte presence is not 
observed in all fescue genotypes, and in fact, some studies have found the opposite effect 
(E+ < E-) (Arachevaleta et al., 1989; Belesky et al., 1989; Belesky et al., 1987). 
Interactions between plant genotype and endophyte infection have also been found in 
studies on competitive ability with red clover (Malinowski et al., 1999), phosphorus, 
magnesium, potassium, calcium and aluminum uptake (Malinowski and Belesky, 1999; 
Malinowski et al., 1998; Malinowski and Belesky, 2000; Rahman and Saiga, 2005), 
nitrogen concentration and relative growth rate (Belesky and Fedders, 1996) and ergot 
alkaloid accumulation (Malinowski et al., 1998). Similar interactions between plant 
genotype and endophyte infection have also been shown with perennial ryegrass 
(Cheplick, 1998; Cheplick and Cho, 2003; Cheplick, 1997; Cheplick, 2004; Hesse et al., 
2004; Lewis, 2004; Spiering et al., 2006).  
However,  many of the studies reflecting the importance of the genotype to the 
symbiosis have mainly focused on plant genotype and neglected the endophyte genotype 
(West et al., 2007). Bultman et al. (2009), working in the greenhouse with tall fescue 
infected with common toxic strains or with novel strains, found that fungal genotype 
influenced growth and survival of a herbivore (fall armyworm Spodoptera frugiperda) 
and its parasitoid (Euplectrus comstockii), with CTE+ having a more deleterious effect 
than the novel endophyte strains evaluated.  
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While these studies demonstrate host and endophyte genotype effects, the three-
way interaction (host genotype × endophyte genotype × environment) has received less 
attention, yet is likely to be critically important given climate change. Cheplick et al. 
(2000) found that endophyte presence conferred drought tolerance in some ryegrass 
genotypes but not others (Cheplick et al., 2000), and that endophyte presence could be 
detrimental to the host under mesic water conditions or after a severe drought (Cheplick, 
2004). In contrast, very few similar studies have been performed on tall fescue. Hill et al. 
(1996) investigated the response of fescue genotype and three different endophyte 
isolates to drought stress. They found that drought did not affect all the tall fescue 
genotypes equally: some plant genotypes had higher photosynthesis rates when infected 
by one endophyte strain compared to others, but the preferred endophyte strain varied by 
tall fescue genotype. They hypothesized that different endophyte strains produced 
different amount of hormones that may influence the mechanisms governing the response 
to drought. More recently, Assuero et al. (2000) demonstrated that two endophyte strains 
(AgResearch isolate, AR501 and the Kentucky wild type/common toxic form from KY-
31, both supplied by AgResearch in New-Zealand) produced different physiological 
effects (leaf growth rate, stomatal conductance, photosynthesis rates, lamina osmotic 
adjustment, dead leaf biomass) on their plant host, but this study did not control for plant 
genotype. Also, although their experiments were about fescue response to water deficit, 
they did not investigate heat effect or environmental controls in the fields. 
It is clear that the response of tall fescue pastures in the southeastern U.S. to 
climate change will be influenced by plant and fungal genetics and the specific 
environmental conditions encountered. To date, no studies evaluating the three-way 
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interaction have been performed in the field and doing these experiments would require 
the development of plant and endophyte genetic clone pairs. Developing an array of 
fescue and endophyte genotype combinations would greatly aid in isolating tall fescue 
genotype and endophyte presence impacts on the symbiotic response to environment 
stress, such as heat and drought stress conditions, which are likely to increase with 
climate change. 
To quantify the interaction of host genetics and fungal endophyte presence to 
potential climate change factors, and to generate information about the response of tall 
fescue infected by novel endophytes to global change, since we do not know enough 
about the ecological and agricultural consequences of the novel endophyte use (Assuero 
et al., 2000; Malinowski and Belesky, 2006), I focused my study on four different tall 
fescue genetic clone pairs, where one member of a clone pair was infected with 
Neotyphodium coenophialum and the other was not.  For the E+ individuals, the 
endophyte strain varied with host genetics.  Endophyte-infected individuals of two clones 
pairs were infected with one of two different strains of the common toxic form of N. 
coenophialum, and for the other two clone pairs, E+ individuals hosted one of two 
different novel strains of endophyte. Therefore, my experimental design allowed me to 
assess: 1) plant host genetic controls over fescue response to climate change factors (by 
focusing on E- individuals only); 2) variability across fescue genotypes to endophyte 
presence (E- vs. E+ individuals); and 3) variability in fescue-endophyte symbiosis to 
climate change (host genotype × endophyte presence × climate treatments).   Preliminary 
data suggested that the nature and degree of the fescue – endophyte symbiosis varied 
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across the four selected clone pairs (from strong mutualism to a neutral relationship; 
Dinkins and Phillips, 2012, unpublished data).  
I measured physiological responses (net photosynthesis rate, leaf water potential, 
tall fescue growth rate, tiller recruitment/mortality, above-ground biomass, alkaloid 
concentrations, and percentage of carbon and nitrogen) of these fescue clone pairs to 
endophyte presence and to increased temperature and increased precipitation, such as is 
projected to occur with climate change in Kentucky and in southeastern United States 
(Karl et al., 1991; Karl et al., 2009; Karl et al., 1996; Smith et al., 2005; Tern and 
Brunjes, 2004). I hypothesized that: 1) E- individuals would be sensitive to climate 
change conditions, but the degree of sensitivity would vary across plant genotype; 2) 
endophyte presence would not produce similar physiological effects in all host 
genotypes; and 3) each tall fescue – endophyte combination would respond differently to 
climate change factors.  
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3.2 Material and Methods 
3.2.1 Climate Manipulation 
Location of the Experiment 
The project took place in a managed hayfield at the University of Kentucky’s 
Spindletop Research Farm, in Lexington, Kentucky, USA (38°10’N, 84°49’W),  281 m 
above sea level. The long-term mean annual temperature of the site was 23.8 °C in 
summer (June 1st – August 31th), 1.6 °C in winter (December 1st – February 29th), and the 
mean annual precipitation was 1137 mm (38 years long-term: 1971-2008; Figure 3.1; 
Ferreira et al., 2010). The soil was a Bluegrass-Maury silt loam complex with a two to six 
percent slope (USDA, 1967). Prior to this study, the hayfield was dominated by 
endophyte-free tall fescue, red clover (Trifolium pratense), nimblewill (Muhlenbergia 
schreberi), and Kentucky bluegrass (Poa pratensis) (Jim Nelson, 2012, personal 
communication). 
In March 2008, glyphosate (Roundup Pro; Monsanto, St Louis, MO, U.S.A.) was 
applied over an 1800m2 area within this field to kill the existing vegetation. On April 8th, 
2008, the area was plowed, disked, and planted with forage species which are currently 
common in the transition zone of the eastern USA (Ball et al., 2007; Brosi, 2011). The 
plant mixture included: a 50/50 mix of E+ (common toxic form of N. coenophialum) and 
E- ‘Kentucky 31’ tall fescue (planted at 11.2 kg ha-1 live seed), ‘Ginger’ Kentucky 
bluegrass (7.8 kg ha-1), ‘Freedom’ red clover (6.7 kg ha-1), and ‘Patriot’ white clover 
(Trifolium repens, 2.2 kg ha-1). Bermudagrass (Cynodon dactylon) transplants were 
harvested from an adjacent field in late summer of 2008 and plugged into the field on 
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August 22nd, 2008. Climate treatments were installed into this area in winter and spring of 
2009. 
Climate Experimental Design 
Twenty hexagonal plots, each 3 m diameter and 5.8 m2, were defined as the 
experimental units upon which four treatments in five blocks were overlain. The climate 
treatments consisted of: +heat (+3 °C above ambient temperature), +precip (+30 % long-
term normal precipitation), +heat+precip (a combination of the first two treatments), and 
an untreated, ambient control (Figure 3.2). Each treatment was randomly assigned to a 
plot within a block. Heating was maintained day and night, year-round, and was achieved 
by using twelve 1000 watt Salamander infrared heaters (Mor Electric Heating Assoc., 
Comstock Park, MI) per plot according to Kimball et al. (2008). Heaters were positioned 
around each plot to evenly distribute heat to the area and were maintained at 120 cm 
above the plant canopy throughout the experiment. The heaters were protected from the 
elements in housing chambers, and to account for the shade cast by these chambers, the 
+precip and the control plots were also surrounded by chambers, but they did not contain 
working heaters.  
The extra precipitation (+30 % long-term mean; +343 mm in total) was added on 
+precip and +heat+precip plots twice a month on rainy days during the growing season 
(April to September). Rainwater was collected on site, stored in a tank, and applied using 
metered wands at rates based on the monthly precipitation patterns for the past 30 years 
(amount added each month is shown on Figure 3.3). As water can move horizontally on 
the soil surface and vertically in the soil column, aluminum flashing was inserted 0.5 m 
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deep in the soil around each plot to ensure that added water was kept within the 
experimental plot. 
 Climate treatments began on May 1st, 2009 and have run continuously since. 
Weather data (air temperature, rainfall, humidity) and soil data (soil temperature, soil 
moisture) have been continuously monitored on site.  The site is treated as a hayfield and 
is, therefore, mowed three times a year (to a height of 6 cm each mowing event).  All 
harvested material is removed. In 2012, the year of this study, the harvests occurred in 
May 21 and 22 (spring), July 29 and 30 (summer), October 4 and 5 (fall). 
 
3.2.2 Tall Fescue and N. coenophialum Genotype Experimental Design 
Development of the Clone Pairs 
At the University of Kentucky, since 2006, Dr. Dinkins has developed clone pairs 
of KY-31 tall fescue, where one individual within the clone pair is infected with either 
the common toxic form of N. coenophialum (CTE+) or with a novel, non-toxic strain 
(NE+) and the other genetically identical clone is endophyte-free (E-). These clone pairs 
derived from naturally occurring tall fescue genotypes found in Kentucky (Dinkins and 
Phillips, personal communication). The non-toxic endophyte strains were found in 
Morocco (identified by Chuck West) and produce significantly altered alkaloid profiles 
(Young et al., 2013) compared to the common toxic forms.  Most importantly, from a 
grazing animal perspective, they produce substantially less ergot alkaloids (Bouton et al., 
2000; Waller et al., 2000). 
The clone pairs were developed from CTE+ tall fescue seeds (obtained pre-2006 
from T. Phillips, harvested locally; Dinkins and Phillips, personal communication). The 
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seeds were germinated and grown in the greenhouse until they had produced enough 
tillers where half of the tillers of each individual plant could be treated with Folicur 3.6F 
(tebuconazole), a fungicide used to kill the fungal endophyte. On April 12th, 2006, the 
fungicide was applied, creating two genetic fescue clones (a clone pair) for each plant 
genotype: one individual of each clone pair harbored the common toxic endophyte 
(CTE+) and one was aposymbiotic (E-). In 2008, clone pairs were transplanted into a 
field at Spindletop Farm (not the climate change field) and allowed to grow. 
In order to develop the clone pairs infected by novel endophyte strains, in April 
2008, KY-31 background seeds infected with different strains of novel endophyte were 
acquired from Dr. West at the University of Arkansas. Drs. Dinkins and Phillips then 
used the same methods described above to develop the novel endophyte genetic clone 
pairs, where one individual of each pair was infected with the novel endophyte (NE+) 
and the other was uninfected (E-). In 2010, most of the NE clone pairs were planted into 
the same field as the CTE clones. Data on panicle number produced, seed yield, and 
alkaloid production have been measured on this material since (Dr. Dinkins, unpublished 
data). 
For my project, I selected two clone pairs infected by the common toxic 
endophyte (genotypes 14 and 45) and two clone pairs infected by two different novel 
endophyte strains (genotypes 16 and 19). Initially, it was believed that genotypes 14 and 
45 were infected by the same strain of the common toxic endophyte, but subsequent 
molecular analysis revealed that each harbors a different genetic strain of the common 
toxic endophyte (Dr. Carolyn Young, 2013, unpublished data). This was confirmed by 
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alkaloid analysis: the four fescue-endophyte symbiotic pairs exhibited differences in 
alkaloid production potential (Table 3.1).  
Transplantation of the Fescue Clone Pairs into the Forage Climate Change Experiment 
 On October 12th, 2011, a 30×60 cm area was identified in the middle of each 
climate treatment plot, and the existing vegetation in this area was killed with glyphosate.  
The area was sub-divided into eight equal-sized sub-plots, and each sub-plot received one 
individual fescue transplant on October 25th, 2011 [four genetic clone pairs (genotype 14, 
45, 16 and 19) × two endophyte statuses (E+ and E-) × four climate treatments (control, 
+heat, +precip, +heat+precip) × five replicates = 160 transplants in total] (Figures 3.2 and 
3.4). Two or three tillers were transplanted for each individual to ensure good 
establishment. Clone pairs 14, 16 and 45 were transplanted from the field at Spindletop 
Farm where NE and CTE were planted in 2008 and 2010, but clone pair 19 came from 
the greenhouse because this clone pair had not yet produced enough tillers to be 
introduced into the common field area. Tillers were transplanted 15 cm deep into the soil 
within the designated area in each Forage Climate Change plot (the steps of the process 
are presented in Figure 3.5). The day after planting, the transplants were watered (13 mL 
each) to help them recover from the process and to facilitate establishment. The climate 
treatments were not interrupted during this process.  
 
3.2.3 Measurements 
In order to quantify the response of the tall fescue transplants to the climate 
change treatments and the effect of endophyte presence, I measured various aspects of the 
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physiology of the plant and growth on a weekly, biweekly, and before and after each 
harvest basis, depending on the type of measurement. 
Net Photosynthesis Rate and Leaf Water Potential 
A leaf cuvette controlled with a portable infrared gas analyzer LICOR-6400 
(LICOR Inc., Lincoln, NE, USA) was used to measure net photosynthesis on each 
individual fescue transplant ten times during the 2012 growing season: March 21st & 29th, 
April 25th & 26th, May 9th & 11th, May 15th & 16th, June 20th & 21st, July 17th, August 28th 
& 29th, September 13th & 20th, October 3rd and November 14th. Most of the time 
(exceptions: October 3rd and November 14th), two days were necessary to collect the 160 
photosynthesis rates. These days were consecutive as often as possible, and 
measurements were made between 10:00 AM and 3:00 PM, on sunny days. Air flow 
(ml.min-1) and photosynthetically active radiation (PAR; 1800 μmol.m-2.s-1) within the 
cuvette were controlled by the LICOR-6400.  
A single leaf, chosen at random (but of approximately similar age) from each 
transplant, was placed in the cuvette until a maximum, sustained rate of CO2 and water 
vapor concentration between the incoming ambient air stream and the outgoing air from 
the cuvette was achieved (~2-3 min). Gas exchange rates were determined by LICOR-
6400’s energy balance equations using the differences in CO2 and water vapor 
concentrations of ambient air before and after passing through the leaf cuvette. These 
rates were calculated for a leaf area of 6.0 cm2 (full area of cuvette; 3 x 2 cm), but since 
tall fescue leaves did not completely fill the cuvette, all gas exchange rates were 
corrected for the exact area of the measured leaves, based on measurements of leaf width 
at the time of sampling. Most tall fescue leaves were between 0.4 and 1.0 cm in wide. In 
69 
 
August, I noticed that many leaves were rolled due to severe heat and drought at that 
time, which made the leaf width measurements difficult but the rolling did not appear to 
affect photosynthesis rate. Although the LICOR-6400 simultaneously records many 
additional parameters (e.g., stomatal conductance, boundary layer conductance, leaf 
transpiration, CO2reference (in the air) and CO2sample (in the cuvette) concentrations, ambient 
air and leaf temperatures, pressure in the cuvette, etc.), for this study, I focused only on 
net photosynthesis rates (measured in μmol m-2 s-1). 
In addition to photosynthesis, I measured leaf water potential using a Scholander-
type pressure chamber (PMS Instrument Company, Corvalis, OR, USA). Prior to each 
harvest, a leaf, also chosen at random and approximately similar age, was excised from 
the plant and was partly sealed in the pressure chamber. Before such an excision, the 
water column in the xylem is under tension; however, when the water column is excised, 
water is pulled from the xylem into the surrounding living cells by osmosis, and the cut 
surface appears dry. In the pressure chamber, the leaf is pressurized by compressed air, 
and the distribution of water between the living cells and the xylem is returned to its 
initial level (before excision). The pressure needed to bring the water back into the xylem 
is called balance pressure, and was detected by observing a shiny and wet appearance on 
the cut surface. This pressure was recorded and was considered the water potential of the 
leaf at the time of harvesting. As this method requires destructive harvesting and since 
the plants were not large, it occurred only immediately preceding each harvest: May 17th 
and 18th (spring harvest); July 26th and 27th (summer harvest); October 4th and 5th (fall 
harvest). Similar to the photosynthesis measurements, this technique required two days to 
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be completed on all 160 transplants, and these days were consecutive and on mostly 
sunny days.   
Aboveground Growth and Biomass 
Growth measurements started in March 2012, when the growing season began, 
and stopped in November 2012. For the first measurement, the tallest tiller of each 
individual transplant was marked in every plot. Every week thereafter, measurements 
were performed on this tiller to follow plant growth. A ruler was used to measure the 
length of the pseudostem and the green parts of every leaf. Pseudostem was measured 
from the ground up, and green leaves were measured from leaf origin at the pseudostem 
(collar to leaf tip) to the apex of the leaf (when it was green) as shown on Figure 3.6, 
following the technique of Brosi (Brosi, 2011). These measurements were recorded and 
summed on an individual tiller per transplant basis and represent total growth. Growth 
rate was calculated according to the following equation:  
Growth rate (cm day-1) = 
In total, 35 growth rates were calculated: ten prior to the May harvest; nine 
between the May and July harvest; nine between the July and October harvest; and seven 
after the last harvest.  
Total aboveground biomass for each transplant was collected three times in 2012, 
immediately preceding whole plot harvests. Individual aboveground plant material taller 
than 6 cm was cut and collected for each transplant in every plot. The material was 
placed in moisture barrier bags (VWR International, Radnor, PA) and stored in liquid 
nitrogen until the end of the harvest to avoid dehydration. Then, the samples were freeze-
dried at -80°C in the lab for five days, weighed and ground through a 1 mm screen on a 
71 
 
Cyclotec 1093 Sample Mill (Foss Tecator AB, Höganäs, Sweden) for the largest samples 
and through a 1 mm screen on a Pulverisette 23 Mini-Mill instrument (Fritsch GmbH, 
Idar-Oberstein, Germany) for the smallest samples to avoid losing material.  
Tillering is an important component of tall fescue growth, with new tillers 
produced as long as tall fescue is growing (Robson, 1968). In October 2011, at the time 
of transplantation, each individual clone consisted of two to three tillers. The number of 
tillers per transplant was counted seasonally on November 29th, 2011 (35 days after 
transplanting), May 15th, 2012 (prior to the first harvest), July 23rd, 2012 (prior to the 
second harvest), October 2nd, 2012 (prior to the last harvest), and on December 6th, 2012. 
The change in tiller number between two measurement periods was calculated by 
subtraction. A negative value indicated tiller mortality; a positive value indicated tiller 
recruitment. 
Mortality is also an indication of plant performance. During this project, plants 
were defined as dead when there was no longer any green material aboveground. The 
date of death was recorded.  I counted the proportion of dead samples, after the end of 
data collection, across the five replications, for each treatment, endophyte status and 
fescue genotype. However, because there were not multiple individuals of a specific 
fescue genotype × endophyte combination per climate treatment plot, I was not able to 
perform any statistical analyses on these mortality values. But, as mortality was observed 
and could be informative to my questions, I decided to compare averages for climate 
treatments (across all individuals within a plot), endophyte status (all E+ vs. E-), and host 
genotypes (across climate treatments and only for E- individuals). 
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Endophyte Status and Alkaloid, Carbon, and Nitrogen Concentrations 
In order to confirm endophyte-infection status, an enzyme-linked, endophyte-
specific immunosorbent assay was performed on each transplant immediately after the 
third harvest (Hiatt et al., 1999). For each transplant, a 1- to 2-mm cross section from the 
base of a single tiller (pseudostem) was harvested and used for testing. This test occurred 
after the last harvest of the year because the pseudostems were too short to be used at the 
first and the second harvests. The pseudostem of the cut tillers was blotted onto a 
nitrocellulose membrane. The membrane was placed on a cellulose sponge, which was 
saturated with an extraction buffer, and was analyzed for endophyte presence with an 
Agrinostics Phytoscreen Neotyphodium immunoblot test kit. Any transplants presenting 
questionable blot results were further evaluated using the results from alkaloid 
quantification that I measured throughout the year.  
Because alkaloids are only produced by the fungal endophyte (Bush et al. 1997) 
and the different strains of fungal endophytes produce different concentrations of the 
various alkaloids (Table 3.1), I analyzed the clones for the presence and concentration of 
ergot and loline alkaloids. Presence of these alkaloids would confirm endophyte 
infection.  Both E+ and E- spring harvested material (May 17th and 18th) were analyzed 
for alkaloids to confirm endophyte status, but thereafter E+ material and only a few E- 
samples were analyzed (chosen based on individual transplants having enough biomass 
for this analysis, and used only to confirm E- status). After being ground using the above-
mentioned methods, the total aboveground biomass samples were oven-dried at 54 °C for 
24 hours, to remove water gained since freeze-drying, and then, they were weighed 
according to ergot and loline alkaloid extraction procedures utilized by the Bush lab, 
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where these techniques were performed. Because I knew the alkaloid potential of the 
various fungal strains used in the project a priori, only those strains that have the genetic 
ability to produce ergot alkaloids were run for ergots (CTE14+ and CTE45+) and only 
those capable of producing lolines were run for that analysis (CTE14+, CTE45+, 
NE19+). NE16+ produces very low quantities of loline alkaloids and no ergot alkaloids 
(Dr. Dinkins, personal communication; Table 3.1). 
Ergot alkaloid concentrations were measured using a high performance liquid 
chromatography (HPLC) method with florescence detection developed by Yates and 
Powell (1988). The extraction of ergots was achieved by mixing a 0.1 g ground sample 
into 80 % methanol via mechanical shaking for two hours. The mixture was pushed 
through a PreSep column (SPE, C18 disposable columns 100 mg mL-1) and a 0.2 μm 
polytetrafluoroethylene filter (PTFE filter) by a syringe. The 1st and 2nd mL of extract 
solution went into a waste container whereas the 3rd additional mL was put into 
separately labeled HPLC vials and analyzed by an HPLC (PerkinElmer series 200)  
equipped with an autosampler and fluorescence detector. The elution was made with 
solutions comprising: (A) 0.1 M ammonium acetate:acetonitrile, 97:3 v/v and (B) 100 % 
acetonitrile. The samples were separated using a reversed phase Kinetex XB-C18 column 
[100 mm X 4.6 mm with 2.6 μm particle size (Phenomenex,USA)] at a flow rate of 1.2 
mL/min. The gradient conditions applied were: initial 22 % mobile phase B was 
increased linearly to 35 % in 20 min and further linearly to 58 % B in 8 min before it was 
increased to 100 % B and held for 5 min. Afterwards, it was decreased to 22 % B and 
held 9 min for re-equilibration. Ergot alkaloids were identified with excitation at 310 nm 
and emission at 420 nm. 
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For loline alkaloid concentrations, the gas chromatography (GC) protocol 
presented in Blankenship et al. (2001) was followed. For genotypes 14, 45 and 19, a 0.25 
g ground sample was used for loline alkaloid extraction; however, a 0.30 g ground 
sample was used for genotype 16 because loline alkaloid concentrations are often very 
low for this fungal strain. The extraction was achieved by adding sodium bicarbonate and 
methylene chloride containing quinoline (15 μg mL-1) as an internal standard to samples 
and shaking for one hour. The extract solution was filtered through kimwipes and 
transferred into an amber vial. The analysis was performed by using a GC (PerkinElmer 
Clarus 500) equipped with an autosampler, an FID detector, and a SPB-1 fused silica 
capillary column (5 m X 0.53 m, 0.5 μm film thickness) from SUPELCO, USA. The GC 
temperature program was as follows: the temperature was ramped up from 80 °C to 160 
°C at 20 °C min−1, held for 2 min, then ramped up at 45 °C min−1 to 290 °C and held for 
5 min. The injector and detector temperature were set at 250 °C and 275 °C, respectively. 
By comparing results from the enzyme-linked, endophyte-specific 
immunosorbent assay and the alkaloid quantification across the year, I found 15 
questionable transplants regarding their endophyte status. Because my study specifically 
focused on the effect of endophyte presence, I chose to remove the questionable samples 
from the dataset and all statistical analyses, which made my design unbalanced. These 
excluded individuals are listed in Table 3.2. 
The last parameter measured in this study was the percent carbon and nitrogen 
contained in the aboveground plant material. A 0.02-0.025 g ground sub-sample from 
each of the three aboveground biomass harvests was used to determine carbon and 
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nitrogen percentage using a Flash EA1112 elemental analyzer (CE Elantech Inch, 
Lakewood, NJ). 
 
3.2.4 Statistical Analysis 
 This study evaluated the effect of tall fescue genotype and endophyte presence on 
the response of tall fescue to climate change factors, specifically increased temperature 
and elevated precipitation. I performed tests of normality, and all my data met 
assumptions of normality.  
 The Forage Climate Change Project was a randomized complete block design 
with five replications of each climate treatment (+heat, +precip, +heat+precip, control). 
The climate change treatments had a 2×2 factorial structure (heat x precipitation), as 
presented in Table 3.3. Tall fescue genotype and endophyte status was included as a 
factorial (1×2) split-plot design: each genotype was either infected (E+ = 1) or free (E- = 
0). A repeated measure ANOVA mixed linear model was used with SAS 9.3 software. I 
performed the statistical analysis with PROC MIXED procedures, given the presence of 
missing values and the unbalanced design. The fixed parameters were heat, precipitation, 
endophyte, genotype, time and all their interactions. The response variables were the 
measured variables, and the random effects included any potential naturally occurring 
differences between replications. An overall F-test was used to see if there were 
significant differences between fixed effects, and when this was the case, a pairwise 
comparison using protected LSD was performed. Significance was considered a P-value 
< 0.05 (full results of the statistical analyses are presented in Tables 3.4; 3.5; 3.6).  
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Because the measurements occurred at various frequencies over the year, the 
‘time’ fixed effect varied by parameter. For photosynthesis rates, the ten time periods 
when measurements occurred were defined as categorical numbers that represented the 
number of weeks since measurements began. For tiller recruitment/mortality, the change 
in tillers was calculated by subtraction (tiller number of newer measurement – tiller 
number of previous measurement) four times (over the winter season, early summer, 
midsummer and fall). The four time periods were four categorical numbers referring to 
the middle month of each period. For leaf water potential, E+ alkaloid concentrations, 
and proportion of carbon and nitrogen, which were measured three times prior/after each 
harvest, time variable was simply define as three categorical numbers representing the 
month since the initiation of the study. For total aboveground biomass, I only looked at 
the annual biomass (the sum of the three aboveground biomasses, collected at each 
harvest), so time was not included as a fixed effect.  
I was able to use all the data I collected over the year for all variables. However, 
for aboveground growth, which was measured 35 times in the year (every week) on the 
same tiller, I ended up with 31 calculated growth rates (see previous equation to calculate 
growth rate), and I took a different approach. Prior to the May harvest, I found that 90% 
of the marked tillers used for this measurement flowered, which meant that subsequent 
measurements could not be made on these same tillers, as the tiller does not grow 
anymore once it reproduces. In this case, another tiller on the individual transplant was 
marked and followed growth-wise thereafter. The date of this tiller change was recorded 
(this specific measurement was considered as a missing value), and new growth 
measurements were performed on this “new” tiller at the next sample period. In that way, 
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it was possible to keep measuring growth rate of this plant throughout the growing 
season. Considering the numerous missing values over the year due to flowering or 
mortality, I decided to perform the statistical analysis by averaging growth rate across 
each harvest period for each individual. Therefore, the time periods were four categorical 
numbers representing the period before and after each harvest. The averaging allowed me 
to keep numbers of replication high enough to compare growth rate within the harvest 
periods, treatments, endophyte statuses, and genotypes. 
In order to answer my first objective (evaluating the genetic variability within E- 
tall fescue clones to climate change factors), I performed the same models as previously 
described, except the endophyte main effect and subsequent interactions were removed, 
because I excluded E+ samples to be able to eliminate the endophyte presence effect and 
isolate the plant genotype effect on photosynthesis, leaf water potential, aboveground 
growth rate, tillering and biomass, and proportion of carbon and nitrogen. To respond to 
my second and third objective, I included both E+ and E- samples (except for alkaloid 
concentrations, see above: this model also lacked an endophyte main effect, as only E+ 
individuals were measured across time). 
 
3.3 Results 
3.3.1 Time Effect 
Air temperatures during the year of the study, from the transplantation of the 
clone pairs (October 2011) to the end of measurements (December 2012), tended to be 
warmer than normal average during the winter, spring, and summer (averaging 6.4, 15.4, 
and 23.9 °C, respectively; Figure 3.1; Table 3.7), but were within range of what is 
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typically experienced at the site in the early and late fall (21.8 ± 0.2 and 8.8 ± 0.2 °C, 
respectively). Unusually warm periods were observed from mid-February to mid-March 
and from mid-June to mid-July 2012 (Figure 3.1). These time periods were also periods 
of lower than normal precipitation (March – July total precipitation was ~40% of the long 
term mean; Figure 3.1). In general, 2012 was a particularly dry year compared to the 
long-term normal (Lagi et al., 2012; Mallya et al., 2013; Sheffield et al., 2012). 
The heat treatments consistently elevated air temperatures by at least 3 °C 
throughout the year, and the elevated precipitation plots received ~+30 % long-term 
normal precipitations (Table 3.7; Figure 3.3). Volumetric water content in the soil 
illustrates the integrative effects of temperature and precipitation on plant water uptake, 
evapotranspiration, and water recharge. Highest volumetric water content occurred 
during the cold, dormant winter (32.5 ± 0.1 %; Figure 3.3; Table 3.7) and was lowest 
during the peak of the growing season (~14% during June, July, and August), which co-
occurred with the unusually dry and hot period experienced at the site (Figure 3.3). The 
+precip treatment buffered, to some degree, the effects of the heat and drought during this 
time as +precip plots had ~6% higher volumetric water content than ambient precipitation 
plots (Figure 3.3; Table 3.7). Even in the +precip plots, the summer of 2012 was the 
driest time during the study. 
Not surprisingly, given that tall fescue growth and endophyte effects are known to 
depend on environmental factors that vary seasonally (Arachevaleta et al., 1989; Brosi, 
2011; Brosi et al., 2010; Clay and Schardl, 2002; Malinowski and Belesky, 2000; Marks 
and Clay, 1996), I found that all the parameters I measured were strongly influenced by 
seasonality (time p-value < 0.0001 for all parameters; Table 3.8; Appendices 3 and 4). 
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All the response variables, except alkaloid concentrations and %C and N, decreased 
during the hot and unusually dry summer June-July-August period, when volumetric 
water content was low and air temperature was high across all treatments (Table 3.8; 
Figures 3.2; 3.3). For both measured alkaloids and %C and N, concentrations increased 
from spring throughout the summer and fall measurement periods.    
Although fescue growth and ecophysiological parameters tended to be lowest 
during the summer, they varied regarding whether they were highest in spring, fall, or 
over winter (Table 3.8). For example, photosynthesis and aboveground biomass 
production were higher in the spring harvest (18.1 μmol m-2 s-1 and 4.0 g, respectively, 
averaged across climate treatments, genotype and endophyte status) than in the fall (16.7 
μmol m-2 s-1; 1.3 g). Similarly, individual tillers (growth rate and tiller production) grew 
more in the spring (averaging 0.5 cm.day-1; +11 new tillers produced) than in both early 
and late fall [0.4 cm day-1; -1 tiller (negative values indicate a net loss of tillers) and 0.1 
cm day-1; +1 new tiller, for early and late fall, respectively]. In contrast to these 
parameters, leaf water potential was lower in the spring (-1.9 MPa) than the fall (-1.6 
MPa). Endophyte infected individuals had greater concentrations of ergots and lolines in 
the fall (0.30 ppm; 1436 ppm, respectively) than in the summer (0.16 ppm; 720 ppm). 
However, I did not observe any difference in ergot concentrations between the spring and 
the summer. Lolines were the lowest in the spring (201 ppm). Both %C and N were lower 
in the spring (41.9 %C; 1.6 %N) than in the fall (44.2 %C; 3.3%N).  
These seasonal growth and ecophysiological trends suggest that the unusual 
drought and high temperatures that occurred during the summer of the study stressed the 
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fescue transplants. It seems likely that the additional warming applied via the +heat 
climate treatment intensified these naturally occurring stressors. 
 
3.3.2 Climate Factor Effects 
The elevated heat treatment consistently maintained the +heat and +heat+precip 
plots at +3 °C above ambient air temperature day and night throughout the duration of my 
study (Figure 3.3; Table 3.7). When averaged across time, endophyte status, and fescue 
genotype, a significant influence of the elevated temperature on all the measured 
parameters was observed except growth rate, total annual aboveground biomass, and %C, 
which were modified by a heat × time interaction that will be discussed later (Table 3.9; 
Appendices 3 and 4). Loline alkaloids were also not modified by heat, and this response 
was consistent across seasons and fescue genotypes. 
When averaged across the growing season, genotype and endophyte status, 
photosynthesis rates and leaf water potential were significantly decreased by elevated 
heat, but in contrasting ways depending on the season (Table 3.9): photosynthesis was 
affected by elevated temperature in the spring (decreased by 17 %) and even more so in 
the summer (decreased by 44 %), but there was no difference between the two treatments 
in the fall. Similarly, leaf water potential was negatively affected by warming, but in all 
the three seasons (Table 3.9) and especially in the summer (-2.9 MPa under heat 
conditions; -2.2 MPa under ambient heat conditions). Plant %C was also decreased by 
warming conditions but only in the spring (41.7 % under heat treatment; 42.3 % under 
ambient heat). Despite warming negatively impacting fescue photosynthesis rates and 
leaf water potential, individual tillers (growth rate and tiller production) grew more in 
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spring under heat conditions (0.7 cm day-1; +12 new tillers) than under ambient heat 
conditions (0.4 cm day-1; +10 new tillers).  However, the negative effects of elevated heat 
were observed on these tiller parameters in the subsequent summer, such that the overall 
heat effect on annual tiller production was a reduction of on average three tillers per 
individual in the increased warming versus ambient heat plots (Table 3.9). The 
aboveground biomass measurements paralleled the tiller growth and production data, 
being stimulated by heat in the spring (4.7 g plant-1 for elevated heat vs. 3.2 g plant-1 for 
ambient) but surprisingly were not influenced in the summer. The overall mortality of the 
individual clones (measured one time at the end of the study) was also affected by 
elevated heat: heated plots had 25% clone mortality, where as ambient plots had 6% 
mortality (Figure 3.7).  
In contrast to the above-mentioned parameters which were negatively impacted 
by warming, elevated temperature stimulated %N and ergot alkaloid concentrations 
(Table 3.9). When averaged across the year, genotype (and endophyte status for %N), 
%N and ergots increased from 2.5 %N and 0.2 ppm in ambient heat plots to 2.6 %N and 
0.3 ppm with elevated heat. These heat effects were most dramatic in the early fall for 
both parameters (3.5 %N; 0.5 ppm vs. 3.1 %N; 0.2 ppm for increased heat and ambient 
heat, respectively; Table 3.9).  
 When averaged across the growing season, genotype and endophyte status, the 
precipitation treatment (+30% of the long-term mean) enhanced photosynthesis and leaf 
water potential compared to the ambient precipitation plots (16.9 μmol m-2 s-1; -1.8 MPa 
under elevated precipitation and 15.7 μmol m-2 s-1; -2.2 MPa under ambient precipitation; 
Table 3.10), but decreased ergot alkaloid concentrations and %N (0.2 ppm; 2.3 %N 
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elevated versus 0.3 ppm; 2.7 %N ambient). All the measured parameters except 
aboveground biomass and %C were influenced by the augmentation of precipitation, 
primarily in the summer or fall measurement periods. For example, for both 
photosynthesis and leaf water potential, the beneficial effects of added precipitation were 
most significant in the summer (11.2 μmol m-2 s-1; -3.0 MPa under ambient precipitation 
conditions and 14.8 μmol m-2 s-1; -2.2 MPa under elevated precipitation treatment), when 
additional precipitation also buffered the loss of tillers (elevated precipitation treatment 
lost on average two less tillers per plant than ambient precipitation plots; Table 3.10). %N 
was reduced by increased precipitation during the summer; the opposite effect of the 
+heat treatment occurred on this parameter. This trend for reduced %N in increased 
precipitation plots during the hot, dry times of the year was also observed in the early fall 
(3.7 %N vs. 2.9 %N, elevated precipitation vs. ambient, respectively), when, surprisingly, 
reduced tiller growth and production were also recorded for this treatment (0.2 cm day-1; 
-2 tillers in elevated precipitation vs. 0.4 cm day-1; -1 tiller in ambient). Although 
additional precipitation reduced concentrations of ergot alkaloids throughout the year (by 
33%), this treatment stimulated loline concentrations by 38%, but only in the fall (Table 
3.10).  
 The interaction between both heat and precipitation treatments affected 
aboveground plant %C and N, as well as ergot concentrations, but in season-dependent 
ways (heat × precipitation × time p-value = 0.0486, 0.0040, and 0.0264 respectively; 
Figure 3.8). In spring, %C was reduced in elevated heat treatments compared to the 
ambient heat plots, but this heat effect disappeared in the summer and was less apparent 
in the fall. Percent of N was reduced by the elevated precipitation treatment, with this 
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effect was visible in both the summer and fall (Figure 3.8). Ergot alkaloid production in 
+heat plots was higher than in +precip and ambient control plots, especially in the fall; 
however, there were no differences across climate treatments measured during the hot, 
dry summer. In the fall, +heat plots had the highest concentration of ergot alkaloids (~0.5 
ppm), and the adding of water seemed to buffer the heat effect in +heat+precip plots. In 
summary, most of the ecophysiological and growth parameters that I measured were 
influenced by the climate treatments, as well as seasonality. However, fescue genotype 
may also be important in determining the response of the plant to climate change.   
 
3.3.3 Fescue Genotype Effects 
In order to examine whether fescue genotype exerted control on the response of 
the individual to climate change, I compared only E- individuals of the four tall fescue 
genotypes I used in this study (14, 45, 16 and 19) because in my experiment different 
endophyte strains were used in the E+ individuals of each fescue genotype (confounding 
endophyte strain and fescue genotype effects). I hypothesized there would be strong plant 
genotype effects, based primarily on work from perennial ryegrass (Cheplick and Cho, 
2003; Cheplick, 2004; Hesse et al., 2004).  
I found differences between fescue genotypes for leaf water potential, tiller 
production, and %N of aboveground biomass, when averaged across the year and climate 
treatment (Table 3.11). Leaf water potential and %N tended to be higher for plant 
genotype 19 than the other genotypes, and genotype 14 tended to be lowest with regard to 
leaf water potential (Figure 3.9; Table 3.11). For leaf water potential, this general 
genotype order was observed in all seasons; however for %N, the statistical difference 
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between genotypes differed in subtle ways throughout the year (p-value < 0.0001; Figure 
3.9). Plant genotype 19 had higher %N than the other genotypes in the summer, was 
higher than genotype 16 in the fall, and intermediate to the other genotypes in the spring. 
In contrast to the leaf water potential and %N trends, genotypes 16 and 45 produced more 
tillers (+6  and +5 new tillers, respectively) than genotypes 14 and 19 (+2 and +4 ), when 
calculated across the entire year and averaged across climate treatments (Table 3.11). 
However, genotype tiller production was modified by time (plant genotype × time 
interaction p-value = 0.0003; Figure 3.10). All genotypes lost more tillers than they 
produced in the summer (approximately -5 tillers in the summer for all genotypes; Figure 
3.10) and in the early fall (approximately -1 tiller for genotypes 14, 45 and 16; -5 tillers 
for genotype 19). In the winter-spring, when all genotypes produced more tillers than 
they lost, genotype 16 had the lowest net tiller production (+10 tillers when averaged 
across climate treatments), and in the late fall, genotype 19, despite having the highest 
leaf water potential and %N, was the only genotype still losing tillers (-1 tiller), whereas 
the other genotypes had positive tiller production during this period (approximately +1 
new tiller). Tiller production and mortality seemed to vary more for genotype 19 and less 
for genotype 16. Also, the overall mortality, measured at the end of the experiment, 
indicated that transplant mortality was highest for genotype 14 (26 % of planted 
individuals died) than for genotypes 45, 16, and 19 (18 %, 18%, and 20% died, 
respectively; Figure 3.7). 
In contrast to these parameters, aboveground biomass was not sensitive to fescue 
genotype when summed over the year (Table 3.11). However, the influence of fescue 
genotype on aboveground biomass was significant at individual harvest periods. 
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Genotypes 14 and 19 produced more biomass than the other genotypes in spring, but 
these same two genotypes produced less material in the early fall, perhaps reflecting 
differential recovery to the hot, dry summer. 
While there were significant main effects of fescue genotype on the previous 
parameters, many of the responses were further modified by the climate treatments (heat 
× plant genotype, precipitation × fescue genotype and heat × precipitation × fescue 
genotype interactions all p < 0.05; Appendices 3 and 4). This was the case for leaf water 
potential, annual aboveground biomass and annual tiller production (Figure 3.11), as well 
as for tiller growth rate and %N (Figures 3.12; 3.13; 3.14).  
For leaf water potential, when averaged across the season, elevated heat 
negatively impacted all genotypes, but this effect was most dramatic for genotype 19 
(Figure. 3.11A).  In contrast, while additional precipitation improved leaf water potentials 
of all genotypes, this effect was more pronounced for genotypes 14, 45, and 16. The 
combination of heat and additional precipitation mediated the negative effect of heat 
alone on genotype 19, allowing this genotype to maintain its position as the genotype 
with the least negative leaf water potential in this treatment, as also observed in the 
control and +precip plots.  However, additional precipitation had less of a mediating 
effect on the response of the other genotypes to elevated heat. 
In contrast to the leaf water potential data, genotype 19 was not particularly 
sensitive to elevated heat with regard to total annual aboveground biomass production nor 
tiller production (Figures 3.11B; C). Instead, genotype 16 was the only genotype that 
responded to the climate treatments with regard to total annual biomass production (+ 
heat and +precip treatments each reduced biomass, but when applied together, kept 
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biomass production similar to that measured in the ambient control for this genotype; 
Figure 3.11B). With regard to tiller production, all genotypes were negatively impacted 
by elevated heat, but genotype 14 averaged a negative tiller production value under this 
treatment (Figure. 3.11C). Interestingly, tiller production of genotype 19 was more 
negatively impacted by elevated precipitation than elevated heat.  In fact, for genotype 
19, elevated heat stimulated tiller growth rates, but it produced no effect on the growth of 
the other genotypes (Figure. 3.12). Additional precipitation did not stimulate tiller 
production over ambient controls for any genotype (Figure 3.11C), and for two genotypes 
(16 & 19), it significantly lowered the number of tillers produced.  Under the 
combination of elevated heat and precipitation, genotype 16 produced more tillers than 
the other genotypes. Elevated heat tended to increase %N of aboveground fescue biomass 
in the fall (Figure 3.13), and additional precipitation to reduce it (Figure 3.14), and these 
trends were most dramatic in the fall. Clearly, genotype is important in controlling fescue 
ecophysiological and growth responses to climate change factors. However, numerous 
studies have also shown that endophyte infection can change fescue response to its 
surrounding environment.   
 
3.3.4 Endophyte Presence and Strain Effect 
When averaged across genotype and climate treatment, endophyte presence 
affected photosynthesis, tiller growth rate, tiller production, and aboveground biomass 
production. In every case, infection with the endophyte stimulated the fescue 
ecophysiological response over the non-infected counterpart (Table 3.12). Endophyte 
presence stimulated photosynthesis by 7%, weekly aboveground tiller growth rates by 
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30%, tiller production per individual clone by 50%, and annual aboveground biomass by 
17% over the year. 
Endophyte stimulation of photosynthesis, growth rate and annual biomass was 
observed in all seasons; however, endophyte infection did not always significantly 
influence tiller production throughout the year. It failed to produce an effect in spring and 
early fall (Table 3.12), but endophyte infection appeared to reduce mortality during the 
dry, hot summer and stimulated tiller production in the late fall following these 
conditions. However, in contrast to this result, at the end of the study, overall mortality of 
E+ and E- clones was similar when averaged across genotypes and climate treatments 
(13% mortality for both E+ and E-; Figure 3.7).  
The other measured parameters (leaf water potential, %C and N) were not 
influenced by endophyte infection (Appendix 3); but %N was modified by the interaction 
between season, genotype, and endophyte (described later in this chapter). As expected, 
endophyte presence impacted alkaloid concentrations, since it is the endophyte which 
produces those compounds, but these results will be discussed separately, as will any 
parameter that had significant interactions between endophyte presence, fescue genotype, 
and the climate treatments. 
 Tiller production over the year and aboveground biomass production were the 
only parameters where endophyte presence significantly interacted with both heat and 
precipitation treatments (Figures 3.15; 3.16; Appendices 3 and 4). With regard to the 
effect of heat and endophyte presence, E+ fescue produced four times more tillers (+8 
new tillers) than E- fescue (+2 new tillers) under elevated heat conditions, when averaged 
across fescue genotypes and summed across the year. This suggests that endophyte 
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presence conferred heat tolerance to fescue under these conditions (Figure 3.15). 
However, this endophyte effect disappeared under ambient heat conditions and it was 
reduced by the addition of extra water: E+ produced more tillers than E- in +precip and 
+heat+precip plots, but differences were not statistically significant.  
For annual aboveground biomass, E+ individuals produced more biomass than E- 
in the +heat and +precip plots, but there was no difference between E+ and E- in the 
other climate treatments (Figure 3.16). Annual biomass production of E+ individuals 
appeared more sensitive to the climate treatments than E-. Whereas individual heat and 
precipitation treatments stimulated E+ biomass production over the ambient control, the 
combination of the two treatments (+Heat+Precip plots) lowered biomass back to 
ambient and E- levels.   
 The interaction between climate change factors and endophyte presence also 
influenced ergot alkaloid concentrations in E+ clones capable of producing these 
compounds (CTE14 and CTE45), but did not impact the concentration of loline alkaloids 
in genotypes capable of producing them (CTE14, CTE45 and NE19; Appendix 4). 
Effects on ergot alkaloids varied across seasons (Figure 3.17). Fescue-endophyte 
genotype CTE14 tended to produce more ergot alkaloids than fescue-genotype CTE45, 
especially in the spring, in all plots. Ergot concentrations tended to be higher in the fall 
than in the spring (Figure 3.17), and this was primarily in the elevated heat treatments 
and for CTE45 (Figure 3.18).  
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3.3.5 Fescue Genotype and Endophyte Presence Interactions 
The four symbiotic packages I used in this study were four fescue genotypes 
infected by either one of two different strains of common toxic endophyte (CTE14, 
CTE45) or one of two different strains of novel endophyte (NE16, NE19).  Because of 
my experimental design, I was not able to isolate the effect of different strains of fungal 
endophyte on fescue growth and physiology; however, I was able to assess whether the 
presence of Neotyphodium caused all fescue genotypes to respond similarly. Also, when 
endophyte infected, I was able to compare one symbiotic genotype (fescue – endophyte 
combination) with another, with regards to their response to the treatments. My results 
showed that, when averaged across the year and climate treatments, annual aboveground 
biomass (endophyte × genotype p-value: 0.0447) and the change in tiller number over the 
year (p-value < 0.0001) of the fescue genotypes responded differently to endophyte 
presence (Appendix 3).  
When averaged across climate treatments, annual aboveground biomass was 
similar for all fescue genotypes, regardless of endophyte presence, (~6 g plant-1) except 
for genotype CTE14 that was increased by the presence of the common toxic endophyte 
(8 g plant-1; Figure 3.19). This effect occurred primarily in the fall (Figure 3.20). During 
the same season, genotype NE19 also responded positively to infection of the novel 
endophyte, but it was not influenced by the endophyte presence in spring or in summer. 
The other two genotypes (CTE45 and NE16) had no differences between E+ and E-, in 
every season. I have previously shown that in the early fall, plant genotype 14, when 
uninfected by endophyte, produced less biomass than plant genotypes 16 and 45 (Table 
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3.11). These data illustrate that endophyte infection for this genotype is very significant 
to stimulate plant production during the fall.  
With regards to the change in tiller number over the year, I found previously that 
for E- individuals, plant genotypes 14 and 19 had greater tiller mortality and less new 
tiller production than the other plant genotypes (Table 3.11); however, Figure 3.21 shows 
that when infected with endophyte, this trend is dramatically reversed, similar to the 
aboveground biomass response for genotype 14 mentioned above. Tiller production over 
the year for genotypes 14 and 19 was significantly enhanced by endophyte presence (+11 
and +12 more tillers than E- counterparts, respectively) – to the extent that these 
genotypes, when endophyte infected, produced more tillers than genotypes CTE45 and 
NE16. The positive effect induced by endophyte presence apparently occurred in the 
summer and the late fall for CTE14 and in the early and late fall for NE19 (Figure 3.22). 
For genotypes NE16 and CTE45, endophyte infection did not make the plant recruit more 
tillers over the year, and it actually increased NE16 tiller mortality in the early fall. 
Finally, %N was influenced by the endophyte presence × genotype interaction but only in 
the spring and the summer (Figure 3.23). E+ clones of CTE14 had higher %N than E- in 
the spring and E+ clones of NE16 had lower %N than E- individuals in the summer. To 
summarize, plant genotype interacted with endophyte presence and time of year to 
control tiller production and mortality, especially for clones 14 and 19, aboveground 
biomass, for clone 14, and %N for clones 14 and 16. 
Only one measured parameter, photosynthesis, was modified by all factors in this 
experiment (genotype, endophyte infection, heat and precipitation factors; Appendix 3; 
Figure 3.24). When averaged across the year, elevated precipitation and endophyte 
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presence increased overall photosynthesis, whereas warming conditions negatively 
affected it (Tables 3.9; 3.10; 3.12). However, it seems that the endophyte enhancement of 
photosynthesis rates primarily occurred in the +precip treatment, within the symbiotic 
genotype NE16 (Figure 3.24).  
Differences between genotypes were more pronounced and affected by the 
climate treatments in the endophyte free individuals. For example, genotype 19 E- 
individuals had the lowest photosynthesis rates in control and +heat+precip treatments, 
but this same genetic material had one of the greatest rates of photosynthesis under 
elevated precipitation (Figure 3.24). Similarly, genotype 16 E- clones had the lowest rates 
of photosynthesis under +heat and +precip treatments, when applied separately, but had 
the highest rates under the combined treatment (+heat+precip) and the ambient control. 
Fewer significant differences occurred between the symbiotic individuals: only in the 
+heat treatment did E+ genotypes statistically differ (NE16, NE19 < CTE 14).  In other 
climate treatments, no differences in photosynthesis were observed. 
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3.4 Discussion  
3.4.1 Response of Different Fescue Genotypes to Climate Change  
 I hypothesized that plant genetics would, in part, determine the ecophysiological 
and growth response of tall fescue to climate change. Using four endophyte free fescue 
genotypes and a manipulative climate change field experiment, I demonstrated this 
hypothesis to be true, especially for photosynthesis, leaf water potential, aboveground 
biomass, tiller recruitment, and %N. Prior work on perennial ryegrass and its endophyte 
has also demonstrated the importance of host genetic controls (Cheplick, 1998; Cheplick 
and Cho, 2003; Cheplick, 1997; Cheplick, 2004; Hesse et al., 2004; Lewis, 2004; 
Spiering et al., 2006), but fewer studies have explored fescue host genetic controls, 
especially in response to the surrounding environment. Similar to my results, Belesky et 
al. (1987) showed that, within E- individuals, the number of fescue tillers produced 
differed significantly across fescue genotypes, as did Marks and Clay (1996) for carbon 
exchange rates. Malinowski et al. (1998) found host genetic controls on fescue shoot dry 
mass production, particularly in response to soil phosphorus availability. My data 
indicate that, when averaged across climate treatments, fescue genotype did affect plant 
physiology and growth, and these results confirm what has been found previously and 
strongly suggest that host genotype is a primary controlling factor in the ecophysiology 
of tall fescue. For example, I observed that E- individuals of genotype 19 had the highest 
leaf water potential and %N, and this genotype was the most plastic with regard to 
changing number of tillers throughout the year. Surprisingly, genotype 14, which had 
lowest leaf water potential and tiller production, and one of the lowest %N, had the 
largest aboveground biomass, especially in the spring. Clearly, these two genotypes 
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differed significantly in their basic physiology, which may be explained by differences in 
genetic background between the two genotypes. Both of these genotypes seemed to be 
more sensitive to environmental conditions that changed over the season than genotypes 
16 and 45. In contrast, the latter genotypes always behaved similarly with regards to leaf 
water potential, tiller production, aboveground biomass and nitrogen, which suggest that 
they may be genetically similar to one another.  
 Prior work has shown that plants are sensitive to environmental conditions, which 
my study on tall fescue largely confirmed. For example, leaf water potential and growth 
rate were lower in the summer where the ambient conditions were unusually hot and dry 
(Figures 3.1; 3.3), and both parameters were dramatically decreased by elevated heat; 
whereas assimilation of carbon was the highest in the summer, although it was only 
influenced by time and heat (Appendix 3). Given that the summer was drier than usual, 
the adding of water may have helped tall fescue leaf water potential and growth rate to 
counter the weather conditions. The plots that received +3 °C most likely amplified the 
heat stress felt by tall fescue during this time, potentially putting these individual plants 
beyond the temperature optima for tall fescue (20-25 °C; Volenec et al. 1984). These 
results support studies which have investigated the relationships between fescue growth 
and temperature and precipitation (Belesky et al., 1989; Karsten and MacAdam, 2001; 
Larcher, 2003; Su et al., 2007; Volenec et al., 1984; Woledge and Jewiss, 1969). 
However, all of these prior studies did not specify the endophyte status of the tall fescue 
material they were performed on. Nor did they focus on individual fescue genotypes. 
Therefore, my study, where I controlled for endophyte status (all E-) and found that tall 
fescue was very sensitive to climate × plant genotype interactions, especially for 
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photosynthesis, leaf water potential, annual tiller production and %N (only in summer 
and fall), represents a significant contribution to this field.  
 A few studies have demonstrated that photosynthesis and water potential varied 
among fescue genotypes under heat and drought stress (Hill et al., 1996; Richardson et 
al., 1993). Similar to those observations, I found that, when looking at E- individuals 
only, genotype 16 had lower photosynthesis than genotype 14 and 45 in +heat plots 
(Figure 3.24), and had higher leaf water potential than genotype 14 and 19 in the same 
plots (Figure 3.11). Almost no studies on tall fescue have investigated growth rate, annual 
aboveground biomass, tiller production, or %N of different host genotypes under variable 
environmental conditions, but I observed that plant growth rate was significantly 
enhanced by elevated temperature and only for genotype 19. Nitrogen acquisition of this 
same genotype (as well as genotype 14) was increased by heat and decreased by the extra 
precipitation treatment, especially in the fall. These results indicate that the fescue 
genotype is likely to be important in governing the ecophysiological response of tall 
fescue to future climate change. 
 
3.4.2 Effect of Endophyte Presence on Fescue Response  
My second hypothesis, which was that Neotyphodium presence would not 
produce similar ecophysiological effects in all host genotypes, was verified for annual 
tiller production and aboveground biomass, since I found an endophyte presence effect 
(E+ > E-) but also a strong endophyte infection × host genotype interaction for these 
parameters. The results concerning the positive influence of endophyte presence, at least 
for some genotypes, confirm the results of what Clay (1987) and Cheplick et al. (1989) 
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who demonstrated regarding greater accumulation of dry mass and higher tiller 
production in E+ than in E- plants. Also, photosynthesis has been shown to be greater, 
similar, or lower for E+ versus E- individuals, depending on the environment (Marks and 
Clay, 1996; Newman et al., 2003), but, my data showed that, when averaged across the 
year and environmental conditions, E+ had greater photosynthetic rates than E-. My data 
demonstrates significant endophyte infection × host genotype interactions and supports 
Belesky et al. (1987) who have shown in their controlled environment study, which is 
that the endophyte effect can vary across host genotype with regards to tiller production. 
Considering that some recent studies have suggested that the endophyte may be parasitic 
to fescue under certain conditions (Assuero et al., 2006; Brosi, 2011; Cheplick and Faeth, 
2009; Hill et al., 1996; Malinowski and Belesky, 2006), my findings showed little 
support of parasitism: E- had higher %N and lower tiller mortality than E+ but only for 
genotype 16 and only in the summer and early fall (Figures 3.22; 3.23). It was not a 
major result. 
My hypothesis was not validated for %C and leaf water potential, which were 
largely unaffected by endophyte presence and by endophyte infection × host genotype 
interaction (Appendix 3), or for tiller growth rate, which while stimulated by endophyte 
presence, the response was consistent across all genotypes (thereby contradicting my 
genotype-specific hypothesis). Leaf water potential was the only parameter to be 
modified by plant genotype and to not be influenced by endophyte infection (Appendices 
3 and 4). Therefore, I can conclude that leaf water potential response to climate change, 
as measured in this study, was strongly controlled by host genotype. This result is in 
contrast to the work of Elbertsen and West (1996), who found that E+ had greater 
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fractional water content in leaves than E-, and also observed endophyte × host genotype 
effects for this same parameter. Although their work was performed on tall fescue 
genotypes derived from KY-31 and infected with common toxic endophyte strains (like  
CTE14 and CTE45), I hypothesize that our different results come from differences in 
fescue or fungal genetics and/or different environmental conditions. Overall, my findings 
indicate that ecophysiological parameters vary in their sensitivity to endophyte presence, 
and that some of this variability can be attributed to differences and interactions between 
fungal and host genetics.  
 
3.4.3 Response of Fescue-Endophyte Symbiosis to Climate Change  
In my third hypothesis, I stated that the different tall fescue – endophyte 
symbioses would respond differently to climate change factors. This was verified by my 
data, since photosynthesis and alkaloid concentrations were all influenced by fescue – 
endophyte genetic combination × climate treatments, but tiller production and 
aboveground biomass behaved differently, being modified by endophyte presence × 
climate treatment interactions, regardless of the fescue – endophyte genetic combination. 
Photosynthesis was the only measured parameter that was influenced by all the factors 
interacting together (Figure 3.24). Very few studies have investigated the effect of all of 
these factors (Thompson, 2005); however, some studies have shown that photosynthesis 
for E+ individuals (not controlling for host genotype) was often greater than E-, but only 
under certain conditions such as high leaf temperature (35 – 42 °C), water stress, or low 
nutrient conditions (Marks and Clay, 1996; Morse et al., 2002; Newman et al., 2003; 
Richardson et al., 1993; Woledge and Jewiss, 1969). This is in contrast with my study, 
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where E+ and E- photosynthesis were similarly and dramatically affected by the elevation 
of heat. In my study, the plant canopy of my samples experienced temperatures equal to 
or higher than 35 °C only three days in the year (June 29th, July 4th and 7th), when 
averaged across the day (night temperatures included), which could explain the difference 
of results. In Marks and Clay (1996) study, the plants were located in a glasshouse for six 
months where the air temperature was never lower than 16 °C at night and never greater 
than 35 °C during the day. In their experiments, October was the hottest month but they 
did not specify the duration of high temperature stress (higher than 35 °C) was 
encountered. They also observed a significant endophyte infection × genotype interaction 
at high temperature. In my study, only genotype 16 had greater photosynthetic rates for 
E+ (novel endophyte) versus E- clones, and only in the +precip plots, which is not the 
environmental conditions expected to induce an endophyte stimulatory effect. Otherwise, 
endophyte presence did not interact with the surrounding environmental conditions (heat 
and precipitation) for this parameter. This result suggests that, in my study, 
photosynthesis was more sensitive to endophyte presence × host genotype interactions 
than interactions between endophyte infection and environmental conditions, which 
contrasts with the literature on the topic.  
Similar to photosynthesis, alkaloid concentrations were also influenced by the 
combination of host and endophyte genotype responding to climate change. I knew a 
priori that the fungal endophyte strains used in my study varied in their ability to produce 
ergot and loline alkaloids (Table 3.1). My study showed that these endophytes, when in 
symbiosis with fescue, also responded differently to the climate treatments, with regard to 
alkaloid production. Ergot alkaloids, capable of being produced to different degrees by 
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CTE14 and CTE45, were shown to be sensitive to the climate treatments: both had 
elevated ergot concentrations in +heat plots, but this response was more pronounced in 
CTE14 (Figures 3.17; 3.18). This result agrees with that of Agee and Hill (1994), 
Arachavaleta et al. (1992), Salminen et al. (2005), West (1994) and Brosi (2011) 
observed that ergot concentrations were elevated under heat stress. Relative accumulation 
of ergovaline is believed to be highest in the fall (Fribourg et al., 2009; Rottinghaus et al., 
1993), and my study also found high levels of this compound in the fall. However, these 
prior studies did not look at symbiotic genotype effects like my study. Understanding 
which genetic combinations are likely to increase ergovaline concentrations the most in 
response to seasonal and/or changing climatic conditions may be important for future 
fescue agronomic improvement efforts. Knowing which symbiotic packages are most 
likely to produce more livestock-toxic alkaloids under elevated temperatures, such as 
most of the world will experience in the near future, could be important to managing the 
degree of fescue toxicosis that livestock experience.  
With regard to the other alkaloids produced and measured, I found no effect of 
elevated temperature on loline alkaloid concentrations, but elevated precipitation 
stimulated their concentrations. These results are in contrast to results of Brosi (2011) and 
Brosi et al. (2010), who found temperature to be more important than precipitation in 
controlling loline quantity. Loline alkaloid concentrations were also not modified by the 
genotype × precipitation interaction in my study (surprisingly, given that the different 
endophytes produce these compounds in different quantities), but were much higher in 
the fall for NE19+ than the other genotypes (data not shown), especially under elevated 
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precipitation. Bush et al. (1993) also demonstrated that loline alkaloid production was 
higher in the fall than the rest of the year.  
My hypothesis regarding symbiotic responses to climate change was also not 
supported by my results for tiller recruitment and aboveground biomass because these 
responses were influenced by the endophyte presence × climate treatment interaction but 
not by the four-way interaction. Regardless of symbiotic genotype, E+ individuals 
produced more tillers, had higher aboveground biomass, and seemed to have lower 
overall mortality (Figure 3.7) than E- individuals, but only in +heat plots, which is in 
agreement with the work of Arachevalata (1989), Elmi and West (1993) and West et al. 
(1993) but is in contrast to Brosi (2011)’s thesis. This difference of results between 
symbiotic responses was primarily driven by CTE14 and NE19 (Figure 3.21). Given that 
prior studies have not controlled for individual fescue-endophyte genetics in their work, 
my contradictory results may come from the explicit inclusion of this factor. The elevated 
precipitation stimulated E+ aboveground biomass, regardless of symbiotic genotype, 
suggesting that additional water was beneficial to the symbiosis. However, looking at 
Figure 3.16, E+ and E- had similar biomass when both treatments were applied in 
combination, +heat+precip plots, meaning that the effect of the combination of elevated 
heat and precipitation was not equal to the sum of the individual heat and precipitation 
effects, which is what Brosi (2011) and Su et al. (2007) also found. It seems that there are 
some sort of interaction between temperature and water stress and the symbiosis such that 
the effect of elevated heat is not always countered by the adding of water.  
In general, little is known about the impact of both fescue and endophyte 
genotypes in controlling the symbiotic response to environmental factors, in contrast to 
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the many studies that have been done on plants and mycorrhizal fungi, another common 
plant-microbe symbiosis (Cheplick and Faeth, 2009; Hill et al., 1996; Koch et al., 2006; 
Morse et al., 2002). In my study, I was not able to investigate the individual effects of 
host and endophyte genetics, given that both host and endophyte genotypes varied in my 
E+ individuals. This was a limited factor in my study, but the material to do this did not 
exist when this study was initiated. It would be very interesting to pursue the same study 
with fescue genetic clones, each infected with a different endophyte strain, similarly to 
the work that Hill et al. (1996) or Morse et al. (2007) have done. However, in my study, I 
was able to compare one fescue – endophyte combination with another, when in 
symbiosis, and observe their behavior under different treatments. 
 
3.4.4 Summary 
In summary, my data illustrate that endophyte presence and host genotype control 
the ecophysiological responses of fescue to climate factors, with their influence ranging 
from positive to negative, and being dependent on the particular climate factor being 
manipulated. In general, E+ performed better than E-, especially under hotter and drier 
conditions, meaning endophyte presence brought benefits to tall fescue under these 
stressful environmental conditions, but the strength of these endophyte effects varied 
depending on the ecophysiological parameter and the specific symbiotic genotype being 
examined – both of which have not been clearly demonstrated in prior work. Also, I 
found very little support for the endophyte being parasitic to fescue. In general, there 
were fewer interactions between endophyte presence and elevated precipitation than 
elevated temperature, suggesting that endophyte infection will be more important in 
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maintaining fescue pastures in a warmer, but not necessarily wetter, world. The exact 
response of tall fescue to future climate change will depend not only on fescue and 
endophyte genetics, but also on the specific nature of the environmental change. 
Considering fescue toxicosis, toxic ergot alkaloids are likely to increase with climate 
change, as measured in this study and since warming seems certain, but this response 
may be stronger in some symbiotic genotypes than others. Overall, my study has proven 
the complex roles and interactions present between the host genotype, endophyte 
presence, and environmental conditions on fescue response to climate change in a field 
setting. Additional genetic work and evaluation of varying symbiotic pairs, where fescue 
or endophyte genotypes are controlled, will continue to improve our understanding of 
how this important symbiosis will respond and be modified by future climatic change. 
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Figure 3.1: Comparison of monthly average air temperature and monthly average 
precipitation from 1971 to 2008 (long-term normal) and for 2012, the year of the study.  
Long-term normal air temperature and precipitation data were collected via the 
University of Kentucky Agricultural Weather Center from the Spindletop weather station, 
and 2012 weather data were measured on site. 
 
 
Figure 3.2: Experimental design of the UK Forage Climate Change Study. The heat 
treatments (+Heat - H and +Heat+Precip - HP) were maintained at 3 oC above ambient air 
temperature (Control – C) day and night. +Precip (P) and +Heat+Precip treatments 
received an additional 30 % of the long-term mean precipitation, added during the 
growing time. The transplant areas received the four tall fescue clone pairs (14, 45, 16, 
19). 
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Figure 3.3: Weekly average air temperature, total precipitation, and average volumetric 
water content (VWC) for the four treatments: Control, +Heat, +Precip, +Heat+Precip.  
Volumetric water content was measured every 30 minutes from 0-10 cm soil depth using 
Time Domain Reflectometry technology. Air temperature was measured using 
thermocouples located at 20 cm aboveground and a tipping-bucket rain gage measured 
precipitation received on site. The values at the top indicate the average air temperature, 
total precipitation, and average volumetric water in the ambient Control plots across 
several longer time periods relevant to the study: transplantation to beginning of 
measurements, beginning of measurements to first harvest, first harvest to second harvest, 
second harvest to third harvest, and third harvest until end of measurements. 
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Table 3.1: Total ergot and loline alkaloids measured in endophyte-infected (four fungal 
genotypes; + infected) and endophyte-free (-) individuals of the four fescue clone pairs 
(genotypes) chosen for this study. Values are means ± standard error across climate 
treatments for aboveground material harvested in May 2011. Different small letters 
indicate significant differences within a column. Endophyte-free samples which did not 
show null alkaloid concentrations (not shown here) were excluded from the entire study 
(see Table 3.2). 
 
Tall Fescue Genotype Endophyte Genotype Ergots Profile (ppm) Lolines Profile (ppm) 
14 CTE14+ CTE14- 
0.3 ± 0.0 (a) 
0.0 ± 0.0 (c) 
703 ± 84 (b) 
0.0 ± 0.0 (e) 
45 CTE45+ CTE45- 
0.1 ± 0.0 (b) 
0.0 ± 0.0 (c) 
271 ± 44 (c) 
0.0 ± 0.0 (e) 
16 NE16+ NE16- 
0.0 ± 0.0 (c) 
0.0 ± 0.0 (c) 
8.7 ± 1.1 (d) 
0.0 ± 0.0 (e) 
19 NE19+ NE19- 
0.0 ± 0.0 (c) 
0.0 ± 0.0 (c) 
1478 ± 223 (a) 
0.0 ± 0.0 (e) 
 
 
 
Figure 3.4: Location of fescue clone pairs in the forage climate change project. Plot 
designations and climate treatments are as explained in Figure 3.3. Within each climate 
treatment plot, the area of transplantation with the specific location of each fescue clone 
pair is shown [tall fescue genotypes 14, 45, 16, 19; each either endophyte infected (P) or 
not infected (N)]. The location of the clone pairs was randomized per plot, and the 
location of the P and N individuals within the clone pair were randomized. 
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Figure 3.5: Clone pair transplantation steps: A) The clone pairs were identified in 
research fields at Spindletop Farm (except for fescue genotype 19 – see methods); B & 
C) Each clone was dug up with a shovel and 20 clumps of 2-3 tillers were hand-separated 
from each individual clone; D) A soil corer was used to create holes within the transplant 
area of each climate treatment; E) The clone tillers were planted into the holes based on 
the randomization scheme presented in Figure 3.4. 
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Figure 3.6: Growth measurements of the marked tiller. Every week, pseudostem (1+3) 
and leaves (2+4+5+6) were measured. Total growth for the week was the sum of 
pseudostem and leaves (1+2+3+4+5+6). In case of dieback, leaves were measured to the 
last green material (5) and negative growth could occur and was included in the total 
growth calculation (adapted from Brosi 2011). 
 
 
Table 3.2: Transplants for which results of the endophyte immunoblot assay and alkaloid 
quantification did not agree regarding their endophyte status over the course of the study, 
and which were therefore excluded from data analysis. 
 
HP2 – 14 CTE+ C4 – 14 CTE- P2 – 45 CTE- P5 – 16 NE- H1 – 19 NE- 
P1 – 16 NE+ C2 – 45 CTE- HP2 – 16 NE- C1 – 19 NE- P2 – 19 NE- 
P5 – 16 NE+ C5 – 45 CTE- P3 – 16 NE- H1 – 19 NE- P3 – 19 NE- 
 
 
Table 3.3: Illustrations of the 2×2 factorial design of the Forage Climate Change Project.  
“0” or “1” indicates the absence or presence of the heat and precipitation treatments, 
respectively. 
Elevated Heat (+3 °C) 
 0 1 
Elevated Precipitation 
(+30 %) 
0 Control +Heat 
1 +Precip +Heat + Precip 
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Table 3.4: Statistical analysis performed on photosynthesis, leaf water potential, 
individual tiller growth rate, tiller production, aboveground biomass, %C and N, when 
time was included as a factor. The values in the table refer to the p-value of each factor 
(heat - H, precipitation - P, genotype - G, endophyte - E, time - T). The shaded cells 
(purple) indicate that the analysis was performed only on E- individuals, in order to 
highlight the plant genotype effect.  
 
 Photosynthesis (μmol m-2 s-1) 
Leaf Water 
Potential 
(MPa) 
Growth 
Rate 
(cm day-1) 
Tiller 
Production 
(counts) 
Aboveground 
Biomass  
(g plant-1) 
Carbon 
(%) 
Nitrogen 
(%) 
Heat 
Precipitation 
H × P 
<0.0001 
0.0124 
NS 
<0.0001 
<0.0001 
NS 
NS 
NS 
NS 
0.0349 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
0.0001 
<0.0001 
NS 
Endophyte 
Genotype 
E × G 
0.0121 
NS 
NS 
NS 
0.0001 
NS 
0.0008 
NS 
NS 
0.0010 
NS 
<0.0001 
0.0171 
NS 
0.0355 
NS 
NS 
NS 
NS 
<0.0001 
NS 
Heat × E 
Heat × Genotype 
Heat × E × G 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
0.0477 
NS 
0.0408 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
P × Endophyte 
P × Genotype 
P × E × Genotype 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
Heat × P × E 
H×P × Genotype 
H ×P× E × G 
NS 
0.0006 
0.0307 
NS 
0.0235 
NS 
NS 
NS 
NS 
0.0279 
NS 
NS 
0.0104 
0.0403 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
Time 
Heat × T 
P × T 
Heat × P × T 
<0.0001 
<0.0001 
<0.0001 
NS 
<0.0001 
0.0002 
<0.0001 
NS 
<0.0001 
<0.0001 
0.0025 
NS 
<0.0001 
<0.0001 
<0.0001 
NS 
<0.0001 
<0.0001 
NS 
NS 
<0.0001 
0.0018 
NS 
0.0486 
<0.0001 
<0.0001 
<0.0001 
0.0040 
Endophyte × T 
Genotype × T 
E × G × T 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
0.0170 
0.0003 
<0.0001 
NS 
0.0021 
0.0084 
NS 
NS 
NS 
NS 
<0.0001 
0.0275 
Heat × E × T 
H × G × T 
H × E × G × T 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
0.0131 
NS 
P × E × T 
P × G × T 
P× E × G × T 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
0.0149 
NS 
H × P × E × T 
H ×P × G × T 
H ×P× E × G × T 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS: refers to “non significant”. 
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Table 3.5: Statistical analysis of annual tiller production and annual aboveground 
biomass data. The values in the table refer to the p-value of each factor (heat, 
precipitation - P, genotype, endophyte - E). The shaded cells (purple) indicate that the 
analysis was performed only on E- individuals, in order to highlight the plant genotype 
effect.  
 
 Tiller Production  (counts) 
Aboveground Biomass 
(g plant-1) 
Heat 
Precipitation 
Heat × Precipitation 
0.0271 
NS 
NS 
NS 
NS 
NS 
Endophyte 
Genotype 
Endophyte × Genotype 
0.0007 
<0.0001 
<0.0001 
0.0158 
NS 
0.0447 
Heat × Endophyte 
Heat × Genotype 
Heat × Endophyte × Genotype 
0.0342 
0.0008 
NS 
NS 
0.0235 
NS 
Precipitation × Endophyte 
Precipitation × Genotype 
P× Endophyte × Genotype 
NS 
<0.0001 
NS 
NS 
NS 
NS 
Heat × P × Endophyte 
Heat × P × Genotype 
Heat × P× E × Genotype 
0.0220 
<0.0001 
NS 
0.0062 
<0.0001 
NS 
NS: refers to “non significant”. 
 
Table 3.6: Statistical analysis of loline and ergot alkaloid concentrations, measured on 
endophyte infected (E+) fescue samples, when time was included as a factor. The values 
in the table refer to the p-value of each factor (heat, precipitation - P, genotype, time and 
their interaction). Genotype factor refers to fescue – endophyte combination (symbiotic 
genotype), as only E+ individuals were measured for alkaloids. 
 
 Loline Alkaloid Concentrations (ppm) 
Ergot Alkaloid 
Concentrations (ppm) 
Heat 
Precipitation 
Heat × Precipitation 
NS 
NS 
NS 
<0.0001 
0.0093 
NS 
Genotype 
Heat × Genotype 
Precipitation × Genotype 
Heat × Precipitation × Genotype 
<0.0001 
NS 
NS 
NS 
<0.0001 
NS 
NS 
NS 
Time 
Heat × Time 
Precipitation × Time 
Heat × Precipitation × Time 
<0.0001 
NS 
0.0045 
NS 
<0.0001 
<0.0001 
NS 
0.0264 
Genotype × Time 
Heat × Genotype × Time 
Precipitation × Genotype × Time 
Heat × P× Genotype × Time 
0.0026 
NS 
NS 
NS 
NS 
0.0131 
NS 
0.0024 
NS: refers to “non significant”. 
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Table 3.7: Comparison of air temperature (mean ± standard error), precipitation 
(cumulative), and soil volumetric water content (mean ± standard error) for five time 
periods relevant to the study. The effect of the heat treatment on air temperature was 
determined by comparing “heat” plots (+heat and +heat+precip) versus “ambient heat” 
plots (control and +precip). Similarly, the effect of the precipitation treatment on total 
precipitation received and volumetric water content were assessed by comparing 
“precipitation” (+precip and +heat+precip) versus “ambient precipitation” plots (control 
and +heat). The “across treatment” values for the various parameters were the average 
across all the treatments for each time period. 
 
Abiotic 
Conditions Treatment 
Winter 2011 
Transplantation 
 Beginning 
of 
Measurements 
Spring 2012 
Beginning of 
Measurements 
 1st Harvest 
Summer 
2012 
1st Harvest 
 2nd 
Harvest 
Early Fall 
2012 
2nd Harvest 
 3rd 
Harvest 
Late Fall 2012 
3rd Harvest  
End of 
Measurements 
Air 
Temperature 
(°C) 
Heat (+3 °C) 9.2 ± 0.2 20.3 ± 0.2 27.3 ± 0.2 25.6 ± 0.2 11.2 ± 0.2 
Ambient Heat 6.4 ± 0.2 15.4 ± 0.2 23.9 ± 0.2 21.8 ± 0.2 8.8 ± 0.2 
Across 
Treatment 
(Total) 
8.0 ± 0.1 17.9 ± 0.2 25.7 ± 0.1 23.8 ± 0.1 10.1 ± 0.2 
Cumulative 
Precipitation 
(mm) 
Precipitation 
(+30 %) 510 199 241 349 80 
Ambient 
Precipitation 510 122 120 203 80 
Soil 
Volumetric 
Water 
Content (%) 
Precipitation 
(+30 %) 33.1 ± 0.1 24.9 ± 0.3 20.5 ± 0.2 21.9 ± 0.2 22.0 ± 0.2 
Ambient 
Precipitation 32.5 ± 0.1 21.4 ± 0.1 14.7 ± 0.2 16.4 ± 0.2 16.8 ± 0.2 
Across 
Treatment 
(Total) 
32.8 ± 0.1 23.2 ± 0.2 17.6 ± 0.2 19.2 ± 0.2 19.4 ± 0.2 
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Table 3.8: Mean and standard error for the measured plant parameters over time and over 
treatments. Values with different letters are statistically different from each other within a 
parameter (row). Most of the measurements started in the spring, except for tiller 
production, which began in November 2011. Negative values of tiller production indicate 
that more tillers died than were produced. Leaf water potential, aboveground biomass, 
%C and N, and alkaloid concentrations were measured only once in spring, summer and 
fall (corresponding to each harvest; blank cells indicate the absence of a measurement).  
 
 
Time 
Effect 
(p-value) 
Winter Spring Summer Early Fall Late Fall 
Nov. 2011 – 
March 2012 
March – 
May 2012 
May – July 
2012 
July – Oct. 
2012 
Oct. – 
Nov. 2012 
Photosynthesis 
(μmol m-2 s-1) <0.0001  18.1 ± 0.3 (a) 13.0 ± 0.5† (c) 16.7 ± 0.3† (b) 
Leaf Water 
Potential (MPa) <0.0001  -1.9 ± 0.0 (b) -2.6 ± 0.1 (c) -1.6 ± 0.0 (a)  
Growth Rate 
(cm day-1) <0.0001  0.5 ± 0.0 (a) 0.1 ± 0.0 (c) 0.4 ± 0.0 (b) 
0.1 ± 0.0 
(c) 
Tiller Production 
(counts) <0.0001 11 ± 0.0 (a) -5 ± 1 (d) -1 ± 0 (c) 1 ± 0 (b) 
Aboveground 
Biomass (g plant-1) <0.0001  4 .0 ± 0.2 (a) 0.9 ± 0.1 (c) 1.3 ± 0.1 (b)  
Carbon (%) <0.0001  41.9 ± 0.1 (c) 44.2 ± 0.1 (a) 43.9 ± 0.1 (b)  
Nitrogen (%) <0.0001  1.6 ± 0.0 (c) 2.8 ± 0.1 (b) 3.3 ± 0.1 (a)  
Ergot Alkaloids 
Concentration 
(ppm) 
<0.0001  0.16 ± 0.02 (b) 0.16 ± 0.02 (b) 
0.30 ± 0.04 
(a)  
Loline Alkaloids 
Concentration 
(ppm) 
<0.0001  201 ± 23 (c) 720 ± 77 (b) 1436 ± 186 (a)  
† For photosynthesis, because of drought conditions, the summer period of measurements was from May to August and the fall period 
was from August to November. 
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Table 3.9: Mean and standard error for the measured fescue parameters, illustrating 
positive effects (green cells) or negative effects (red cells) of heat across the year of 
measurement. “Heat” treatment refer to +heat and +heat+precip plots, whereas “Ambient 
Heat” refers to control and +precip plots. Values with different lower case letters are 
significantly different from each other both across time and heat treatment for the 
parameter. Only the parameters with significant heat or heat × time interactions are 
shown. When there was no significant heat × time interaction, only the means 
comparison for the average across the year are shown (different capital letters denote 
statistical difference between elevated heat and ambient heat plots). Blank cells indicate 
no measurement was taken at that time. 
 
 
Heat 
Effect 
(p-value) 
 Across the Year 
Winter Spring Summer Early Fall Late Fall 
Nov. 
2011 – 
March 
2012 
March – May 
2012 
May – July 
2012 
July – Oct. 
2012 
Oct. – Nov. 
2012 
Photosynthesis 
(μmol m-2 s-1) 
<0.0001* 
<0.0001** 
Heat 
(+3 °C) 
14.6 ± 0.3 
(B)  16.5 ± 0.5 (b) 9.2 ± 0.6† (c) 16.6 ± 0.5† (b) 
Ambient 
Heat 
18.0 ± 0.3 
(A)  19.8 ± 0.4 (a) 16.5 ± 0.6† (b) 16.7 ± 0.4† (b) 
Leaf Water 
Potential 
(MPa) 
<0.0001* 
0.0002** 
Heat 
(+3 °C) 
-2.3 ± 0.1 
(B)  -2.1 ± 0.0 (c) -2.9 ± 0.1 (d) -1.8 ± 0.1 (b)  
Ambient 
Heat 
-1.8 ± 0.0 
(A)  -1.7 ± 0.0 (b) -2.2 ± 0.1 (c) -1.5 ± 0.1 (a)  
Growth Rate 
(cm day-1) 
NS* 
<0.0001** 
Heat 
(+3 °C) NS  0.7 ± 0.1 (a) 0.0 ± 0.0 (d) 0.3 ± 0.1 (c) 0.1 ± 0.0 (d) 
Ambient 
Heat NS  0.4 ± 0.1 (b) 0.2 ± 0.0 (c) 0.4 ± 0.1 (c) 0.1 ± 0.0 (d) 
Tiller 
Production 
(counts) 
0.0271* 
<0.0001** 
Heat 
(+3 °C) 5 ± 1‡‡ (B) 12 ± 1‡ (a) -7 ± 1 (e) -2 ± 1 (d) 1 ± 0 (c) 
Ambient 
Heat 8 ± 1‡‡ (A) 10 ± 1‡ (b) -2 ± 0 (d) -1 ± 0 (d) 1 ± 0 (c) 
Aboveground 
Biomass  
(g plant-1) 
NS* 
<0.0001** 
Heat 
(+3 °C) NS  4.7 ± 0.2 (a) 0.7 ± 0.1 (d) 1.1 ± 0.2 (cd)  
Ambient 
Heat NS  3.2 ± 0.2 (b) 1.2 ± 0.1 (cd) 1.5 ± 0.1 (c)  
Carbon (%) NS* 0.0018** 
Heat 
(+3 °C) NS  41.7 ± 0.2 (c) 44.4 ± 0.1 (a) 43.7 ± 0.1 (a)  
Ambient 
Heat NS  42.3 ± 0.1 (b) 44.1 ± 0.1 (a) 44.0 ± 0.1 (a)  
Nitrogen (%) 0.0001* <0.0001** 
Heat 
(+3 °C) 
2.6 ± 0.1 
(A)  1.7 ± 0.0 (e) 2.9 ± 0.1 (c) 3.5 ± 0.1 (a)  
Ambient 
Heat 2.5 ± 0.1 (B)  1.6 ± 0.0 (e) 2.7 ± 0.1 (d) 3.1 ± 0.1 (b)  
Ergot Alkaloids 
Concentration 
(ppm) 
<0.0001* 
<0.0001** 
Heat 
(+3 °C) 
0.3 ± 0.0 
(A)  0.2 ± 0.0 (b) 0.2 ± 0.0 (b) 0.5 ± 0.1 (a)  
Ambient 
Heat 0.2 ± 0.0 (B)  0.1 ± 0.0 (b) 0.2 ± 0.0 (b) 0.2 ± 0.0 (b)  
*: p-value of heat as main effect. 
**: p-value of heat × time interaction. 
NS: refers to “non significant”. 
† For photosynthesis, because of drought conditions, the summer period of measurement was from May to August and the fall period 
was from August to November. 
‡: Tiller production was calculated with tiller number collected in November 2011 minus tiller number measured in May 2012. 
‡‡: Tiller production was calculated across the year by subtracting the number of tillers in November 2011 to the one in November 
2012.  
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Figure 3.7: Percentage of clones (endophyte-infected, E+, or endophyte-free, E-) that 
died over the course of the treatment, calculated from the sum over the five replications at 
the end of the measurements. The values on the top of the graph indicate the mortality 
calculated for each climate treatment (averaged across genotype and endophyte status), 
for each fescue genotype (averaged across climate treatment for E- individuals only), and 
for each endophyte status (averaged across climate treatment and fescue genotypes). 
Statistical analysis could not be performed because there was no replication of the 
individual genotype and endophyte combinations at the plot level, which would be 
necessary to calculate mortality on a plot basis. 
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Table 3.10: Mean and standard error for the measured fescue parameters, illustrating the 
positive (green cells) or negative effects (red cells) of additional precipitation (precip) as 
modified by time. “Precip” treatment refer to +precip and +heat+precip plots, whereas 
“Ambient Precip” refers to control and +heat plots. Values with different lower case 
letters are significantly different from each other both across time and precipitation 
treatment for the parameter. Only the parameters with significant precipitation or 
precipitation × time interactions are shown. When there was no significant interaction, 
only the means comparison for the average across the year are shown (different capital 
letters denote statistical difference between elevated precipitation and ambient 
precipitation plots). Blank cells indicate no measurement was taken at that time. 
 
 
 
Precip 
Effect 
(p-value) 
 Across the Year 
Winter Spring Summer Early Fall Late Fall 
Nov. 
2011 – 
March 
2012 
March – 
May 2012 
May – July 
2012 
July – Oct. 
2012 
Oct. – 
Nov. 
2012 
Photosynthesis 
(μmol m-2 s-1) 
0.0124* 
<0.0001** 
Precip 
(+30 %) 
16.9 ± 0.3 
(A)  
18.5 ± 0.4 
(a) 
14.8 ± 0.6† 
(d) 16.4 ± 0.5† (cd) 
Ambient 
Precip 
15.7 ± 0.3 
(B)  
17.7 ± 0.5 
(ab) 
11.2 ± 0.7† 
(e) 
17.2 ± 0.5† (bc) 
 
Leaf Water 
Potential 
(MPa) 
<0.0001* 
<0.0001** 
Precip 
(+30 %) 
-1.8 ± 0.0 
(A)  
-1.8 ± 0.0 
(b) 
-2.2 ± 0.1 
(c) 
-1.6 ± 0.1 
(a)  
Ambient 
Precip 
-2.2 ± 0.1 
(B)  
-1.9 ± 0.0 
(b) 
-3.0 ± 0.1 
(d) 
-1.6 ± 0.1 
(a)  
Growth Rate 
(cm day-1) 
NS* 
0.0025** 
Precip 
(+30 %) NS  
0.6 ± 0.1 
(a) 
0.2 ± 0.0 
(cd) 
0.2 ± 0.1 
(c) 
0.1 ± 0.0 
(d) 
Ambient 
Precip NS  
0.5 ± 0.1 
(a) 
0.1 ± 0.0 
(d) 
0.4 ± 0.1 
(b) 
0.1 ± 0.0 
(d) 
Tiller 
Production 
(counts) 
NS* 
<0.0001** 
Precip 
(+30 %) NS 11 ± 1‡ (a) -4 ± 1 (d) -2 ± 1 (d) 0 ± 0 (bc) 
Ambient 
Precip NS 12 ± 1‡ (a) -6 ± 0 (e) -1 ± 0 (c) 2 ± 0 (b) 
Nitrogen (%) <0.0001* <0.0001** 
Precip 
(+30 %) 2.3 ± 0.1 (B)  
1.6 ± 0.0 
(d) 
2.7 ± 0.1 
(c) 
2.9 ± 0.1 
(bc)  
Ambient 
Precip 
2.7 ± 0.1 
(A)  
1.7 ± 0.0 
(d) 
3.0 ± 0.1 
(b) 
3.7 ± 0.1 
(a)  
Ergot 
Alkaloids 
Concentration 
(ppm) 
0.0093* 
NS** 
Precip 
(+30 %) 0.2 ± 0.0 (B)      
Ambient 
Precip 
0.3 ± 0.0 
(A)      
Loline 
Alkaloids 
Concentration 
(ppm) 
NS* 
0.0045** 
Precip 
(+30 %)   
168 ± 26 
(c) 
598 ± 84 
(b) 
1665 ± 269 
(a)  
Ambient 
Precip   
232 ± 38 
(c) 
885 ± 133 
(b) 
1206 ± 252 
(b)  
*: p-value of precipitation as main effect. 
**: p-value of precipitation × time interaction. 
NS: refers to “non significant”. 
† For photosynthesis, because of drought conditions, the summer period of measurements was from May to August and the fall period 
was from August to November. 
‡: Tiller production was calculated with tiller number collected in November 2011 minus tiller number measured in May 2012. 
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Figure 3.8: Fescue carbon, nitrogen (averaged across endophyte infected and free 
individuals and fescue genotypes) and ergot concentrations (for endophyte infected 
individuals only, averaged across fescue genotypes), measured at the three harvests in 
each climate treatment (mean ± standard error). The values on the top left corner of each 
panel indicate the p-values for the fixed climate treatment variables and their interaction 
(“NS” refers to “non-significant”). Within a climate treatment, bars with different capital 
letters are statistically different across time; whereas lower case letters denote significant 
differences between treatments within the same season. 
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Table 3.11: Mean and standard error of the measured fescue parameters, illustrating the 
fescue genotype effect by analyzing only endophyte free individuals across climate 
treatments. Only the parameters with significant fescue genotype or fescue genotype × 
time interactions are shown. When there was no significant genotype × time interaction, 
only the means comparison for the average across the year are shown (different letters 
denote statistical difference across genotypes). When the interaction was significant, the 
average value by time is given, and the lower case letters indicate statistical differences 
across genotypes, and capital letters denote statistical differences across time within the 
same genotype.  
 
 
Fescue 
Genotype 
Effect 
(p-value) 
 Across the Year 
Winter Spring Summer Early Fall Late Fall 
Nov. 2011 
– March 
2012 
March – May 
2012 
May – July 
2012 
July – Oct. 
2012 
Oct. – 
Nov. 
2012 
Leaf Water 
Potential 
(MPa) 
0.0001* 
NS** 
Genotype 
14 -2.3 ± 0.1 (c)      
Genotype 
45 -2.1 ± 0.1 (b)      
Genotype 
16 
-2.0 ± 0.1 
(ab)      
Genotype 
19 -2.0 ± 0.1 (a)      
Tiller 
Production 
(counts) 
<0.0001* 
0.0003** 
Genotype 
14 2 ± 1‡‡ (c) 11 ± 1‡ (abA) -6 ± 1 (aC) -2 ± 1 (aB) 0 ± 0 (aB) 
Genotype 
45 5 ± 2‡‡ (a) 11 ± 1‡ (abA) -6 ± 2 (aC) -1 ± 0 (aB) 1 ± 0 (aB) 
Genotype 
16 6 ± 2‡‡ (a) 10 ± 1‡ (bA) -4 ± 1 (aC) -1 ± 1 (aBC) 2 ± 1 (aB) 
Genotype 
19 4 ± 1‡‡ (b) 14 ± 2‡ (aA) -5 ± 2 (aC) -5 ± 1 (bC) 
-1 ± 1 
(aB) 
Aboveground 
Biomass  
(g plant-1) 
NS* 
0.0021** 
Genotype 
14 NS  4.4 ± 0.4 (aA) 
0.8 ± 0.2 
(aB) 0.6 ±0.1 (bB)  
Genotype 
45 NS  3.6 ± 0.3 (bA) 
0.9 ± 0.2 
(aB) 1.3 ± 0.3 (aB)  
Genotype 
16 NS  3.4 ± 0.3 (bA) 
1.0 ± 0.2 
(aB) 1.5 ± 0.4 (aB)  
Genotype 
19 NS  
4.1 ± 0.5 
(abA) 
0.4 ± 0.1 
(aB) 0.4 ± 0.1 (bB)  
Nitrogen (%) 
<0.0001* 
<0.0001*
* 
Genotype 
14 2.3 ± 0.2 (b)  1.4 ± 0.0 (bC) 
2.6 ± 0.1 
(bB) 
3.4 ± 0.3 
(abA)  
Genotype 
45 2.5 ± 0.1 (b)  1.7 ± 0.1 (aC) 
2.8 ± 0.1 
(bB) 
3.3 ± 0.2 
(bcA)  
Genotype 
16 2.5 ± 0.1 (b)  1.8 ± 0.1 (aB) 
2.6 ± 0.1 
(bA) 3.1 ± 0.1 (cA)  
Genotype 
19 2.8 ± 0.2 (a)  
1.6 ± 0.1 
(abC) 
3.4 ± 0.1 
(aB) 3.7 ± 0.2 (aA)  
*: p-value of fescue genotype as main effect. 
**: p-value of fescue genotype × time interaction. 
NS: refers to “non significant”. 
‡: Tiller production was calculated with tiller number collected in November 2011 minus tiller number measured in May 2012. 
‡‡: Tiller production was calculated across the year by subtracting the number of tillers in November 2011 to the one in November 
2012.  
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Figure 3.9: Proportion of nitrogen (mean ± standard error) contained in endophyte free 
fescue aboveground biomass harvested seasonally throughout the study for each genotype 
(14, 45, 16, 19). Within a genotype, bars with different capital letters are statistically 
different across time; whereas lower case letters denote significant differences between 
genotypes within the same time. The values on the top corner indicate the p-values for the 
fixed variable and their interaction.   
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Figure 3.10: Difference in tiller number, reflecting differential tiller production and 
mortality, across the study period for four endophyte free tall fescue genotypes (14, 45, 
16, 19). Positive values show that more tillers were produced than died, whereas negative 
values indicate that more tillers died than were produced. Within a genotype, bars with 
different capital letters are statistically different across time; whereas lower case letters 
indicate significant differences between genotypes within the same time. The values on 
the top corner indicate the p-values for the fixed variable and their interaction.   
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Figure 3.11: Leaf water potential (A), annual aboveground biomass (B) and tiller 
production (C) of endophyte-free fescue for each genotype (14, 45, 16, 19) and each 
climate treatment. The values on the top corner of each panel indicate the p-values for the 
fixed variable and their interaction (“NS” refers to “non-significant”). Within a climate 
treatment, bars or points with different lower case letters are statistically different across 
genotypes; whereas capital letters denote significant differences between treatments 
within the same genotype. Negative values of tiller production indicate that more tillers 
died than were produced. 
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Figure 3.12: Endophyte free fescue tiller growth rate (mean ± standard error) for each 
genotype (14, 45, 16, 19), when averaged across the year and precipitation treatment. 
Points with different letters are significantly different from each other. The values on the 
top corner of each panel indicate the p-values for the fixed variable and their interaction 
(“NS” refers to “non-significant”). 
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Figure 3.13: Proportion of nitrogen (mean ± standard error) contained in endophyte free 
fescue aboveground biomass harvested seasonally throughout the study for each genotype 
(14, 45, 16, 19) averaged across precipitation treatment. The values at the top indicate the 
p-values for the fixed variables and their interaction. Within a genotype and a time, an 
asterisk (*) indicates statistically significant differences between heat and ambient heat 
treatments. 
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Figure 3.14: Proportion of nitrogen (mean ± standard error) contained in endophyte free 
fescue aboveground biomass harvested seasonally throughout the study for each genotype 
(14, 45, 16, 19) averaged across heat treatment. The values at the top refer to the p-values 
for the fixed variables and their interaction. Within a genotype and a time, an asterisk (*) 
indicates statistical differences between precipitation and ambient treatments. 
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Table 3.12: Statistical results and mean ± standard error for the measured parameters for 
endophyte infected (E+) and endophyte free (E-) tall fescue individuals. The shaded cells 
indicate E+ performed better than E- (different letters indicate statistically significant 
differences within a parameter). Only the parameters with significant endophyte infection 
or endophyte presence × time interactions are shown. When there was no significant 
endophyte presence × time interaction, only the means comparison for the average across 
the year are shown (different letters denote statistical difference between E+ and E-). 
Negative values indicate that more tillers died than were produced. 
 
 
Endophyte 
Effect 
(p-value) 
 Across the Year 
Winter Spring Summer Early Fall Late Fall 
Nov. 2011 
– March 
2012 
March – 
May 2012 
May – July 
2012 
July – Oct. 
2012 
Oct. – 
Nov. 2012 
Photosynthesis 
(μmol m-2 s-1) 
0.0121* 
NS** 
E+ 16.8 ± 0.3 (a)  NS NS NS† 
E- 15.7 ± 0.3 (b)  NS NS NS† 
Growth Rate 
(cm day-1) 
0.0008* 
NS 
** 
E+ 0.3 ± 0.0 (a)  NS NS NS  
E- 0.2 ± 0.0 (b)  NS NS NS  
Tiller 
Production 
(counts) 
0.0010* 
0.0170 
** 
E+ 8 ± 1‡‡ (a) 11 ± 1‡ (a) -4 ± 1 (e) -1 ± 1 (cd) 2 ± 0 (b) 
E- 4 ± 1‡‡ (b) 12 ± 1‡ (a) -5 ± 1 (f) -2 ± 0 (d) 0 ± 0 (c) 
Annual 
Aboveground 
Biomass  
(g plant-1) 
0.0158* 
NS 
** 
E+ 6.5 ± 0.4 (a)  NS NS NS  
E- 5.4 ± 0.3 (b)  NS NS NS  
*: p-value of precipitation as main effect. 
**: p-value of precipitation × time interaction. 
NS: refers to “non significant”. 
† For photosynthesis, because of drought conditions, the summer period of measurements was from May to August and the fall period 
was from August to November. 
‡: Tiller production was calculated with tiller number collected in November 2011 minus tiller number measured in May 2012. 
‡‡: Tiller production was calculated across the year by subtracting the number of tillers in November 2011 to the one in November 
2012.  
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Figure 3.15: Difference in number of tillers (mean ± standard error) between November 
2012 and November 2011 for endophyte-infected (E+) and endophyte-free (E-) fescue, 
which reflects differential tiller production and mortality over the year, averaged across 
fescue genotypes, for each climate treatment. The values at the top left are the p-values 
for the fixed variables and their interaction, whereas the values on the top right indicate 
the mean and s.e. for heat / ambient heat treatments and for E+ and E-, illustrating the 
significant heat × endophyte presence interaction (“NS” refers to “non-significant”). 
Different letters indicate points that are statistically different from each other.  
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Figure 3.16: Annual aboveground biomass (mean ± standard error) for endophyte-
infected (E+) and endophyte-free (E-) fescue, when averaged across genotypes, for each 
climate treatment. The values at the top left are the p-values for the fixed variables and 
their interaction (“NS” refers to “non-significant”). Different letters indicates points that 
are statistically different from each other. 
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Figure 3.17: Ergot alkaloid concentrations (mean ± standard error) of endophyte infected 
(E+) clones that are ergot-producing genotypes (14, 45) within each climate treatment. 
The values at the top refer to the p-value of each parameter and their interaction. 
Symbiotic genotype represents the combination of fescue genotype and a particular 
endophyte strain. Within a climate treatment, different letters indicate significant 
differences between symbiotic genotypes and times. 
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Figure 3.18: Ergot alkaloid concentrations (mean ± standard error) of endophyte infected 
(E+) clones that are ergot-producing genotypes (14, 45), for each time, when averaged 
across the precipitation treatment. The values at the top refer to the p-value of each 
parameter and their interaction. Symbiotic genotype represents the combination of 
fescue-endophyte. Within time, different lower case letters indicate significant 
differences between genotypes and heat treatment (heat versus no heat), and the capital 
letters refer to significant differences between time, within genotype and heat treatment. 
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Figure 3.19: Annual aboveground biomass (mean ± standard error) for endophyte-
infected (E+) and endophyte-free (E-) fescue, when averaged across climate treatments. 
Different letters indicates points that are statistically different from each other. P-values 
for significant fixed variables and their interaction are shown at the top corner. 
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Figure 3.20: Aboveground biomass (mean ± standard error) harvested in spring (A), 
summer (B) and fall (C) for endophyte infected (E+) and endophyte free (E-) individuals 
of four genotypes (14, 45, 16, 19). Letters above individual bars illustrate significant 
differences between endophyte status within genotype, climate treatments and time. 
Significant p-values for the fixed variables and their interaction are shown on the top 
panel. 
126 
 
Symbiotic Genotype
CTE14 CTE45 NE16 NE19
Ti
lle
r P
ro
du
ct
io
n 
(c
ou
nt
s)
0
2
4
6
8
10
12
14
16
18
E+
E-
a
a
b
b b
b
b
b
Endophyte: 0.0007
Endophyte × Genotype: < 0.0001
 
Figure 3.21: Difference in number of tillers between November 2012 and November 
2011, which reflects differential tiller production and mortality over the year, for four 
fescue genotypes (14, 45, 16, 19) that are either endophyte infected (E+) or endophyte 
free (E-). Different letters indicate values that are statistically different from each other. 
P-values for significant fixed variables and their interaction are shown at the top. 
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Figure 3.22: Difference in number of tillers present in winter-spring 2012 (A), summer 
(B), early fall (C) and late fall (D) for endophyte infected (E+) and endophyte free (E-) 
individuals of four fescue genotypes. Different letters illustrate statistical differences 
between endophyte status, within genotype and within time. The values on the top corner 
indicate the p-values for the fixed variable and their interaction. 
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Figure 3.23: Proportion of nitrogen (mean ± standard error) contained in endophyte 
infected (E+) and endophyte free (E-) fescue aboveground biomass harvested seasonally 
throughout the study for each genotype (14, 45, 16, 19). Different letters illustrate 
statistical differences between endophyte status, within genotype and within time. 
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Figure 3.24: Photosynthesis rates (mean ± standard error) of endophyte infected (E+) 
and endophyte free (E-) fescue for each genotype (14, 45, 16, 19) and each climate 
treatment, when averaged across the year 2012. The values at the top refer to the p-value 
of each parameter and their interaction. Within climate treatment, different capital letters 
indicate significant differences between genotypes, when the plant is infected (reflecting 
the importance of both fescue and endophyte genotypes), whereas the different lower 
case letters show significant differences between genotypes, when the plant is endophyte 
free. The asterisk (*) represents a significant difference between E+ and E- within 
genotypes and within treatments, whereas “E+=E-” means that there is no difference in 
photosynthesis between the two endophyte statuses for any genotype within a climate 
treatment. 
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Chapter 4: Conclusions & Future Directions 
Considering the agricultural, economic, and ecological importance of the tall 
fescue – Neotyphodium coenophialum symbiosis to the southeastern region of the U.S., 
especially in Kentucky, and given prior work illustrating that the symbiosis can be 
sensitive to environmental factors, it is surprising that relatively little is known regarding 
its response to predicted climate change. In an effort to address this knowledge gap, I 
utilized two different approaches. The first, took advantage of existing tall fescue variety 
trial data collected from multiple locations throughout the U.S. over multiple years to 
explore relationships between local air temperature, precipitation, and fescue yield of two 
different but commonly encountered fescue cultivars (Kentucky 31; Jesup) that were 
either endophyte-free (E-) or infected (E+) with the common toxic (CTE) or MaxQ novel 
endophyte. The second approach quantified the ecophysiological responses of E+ and E- 
tall fescue genotypes to climate change factors, specifically elevated temperature and 
increased growing season precipitation, using a manipulative, field-based, climate change 
experiment. 
The first approach showed, surprisingly, no endophyte or cultivar effect on fescue 
yield per day across the eastern half of the U.S., and although relationships with 
precipitation and temperature were observed, they were often modified by location-
specific parameters most likely related to local soil type and crop management (e.g., 
seedling rate, frequency and amount of fertilization, irrigation, etc.). This observational 
study suggests that local conditions not accounted for in my study (edaphic parameters 
for example) and crop management are important in governing fescue performance 
nation-wide and will likely remain so in the future as well. This study also suggested that 
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endophyte presence does not improve fescue yield, at least not for the environmental 
conditions captured in the database.  
The second study, occurring in one location, with the same soil type and crop 
management, and experimentally manipulating climate, demonstrated that tall fescue 
genotype and endophyte presence are both important in governing fescue 
ecophysiological responses to elevated heat and precipitation. Whether endophyte 
presence or host genotype was most important in controlling fescue response to climate 
change depended on the ecophysiological parameter being examined. For example, for 
leaf water potential and %C, the effect of endophyte presence was limited in comparison 
to the differences observed across E- individuals of varying genotypes. In contrast, for 
two of the four genotypes examined (CTE 14 and NE19), endophyte presence had a very 
significant effect on tiller recruitment and aboveground biomass produced, but for the 
other two genotypes, endophyte effects on these parameters were minimal. Generally, 
fescue ecophysiological responses to climate treatments were dependent on host and 
endophyte genotype, which both supports and contradicts prior work on this subject area, 
suggesting additional exploration of this topic will be needed. 
Finally, the results of my thesis suggest that in the context of climate change, the 
precise response of tall fescue pastures in any given location will depend not only on 
fescue genetics and endophyte presence and strains, but also on the specific nature of the 
environmental change encountered and the way crop management responds. Considering 
livestock health issues associated with endophyte produced alkaloids, and given that I 
found these compounds increased in concentration in response to climate change factors, 
additional research evaluating the ecological and genetic controls on these biochemicals 
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seems warranted. Most of the previous investigations evaluating genotype and endophyte 
controls on tall fescue ecophysiology and growth have been done in controlled 
environment conditions or in the greenhouse. My study, conducted in the field, agrees 
with some of this prior literature, but deviates from it in others. Surprisingly, the use of 
endophyte-infected fescues and two different cultivars (KY-31 and Jesup) is less 
important than local conditions and crop management in leading to different fescue 
performance nation-wide. But, when the latter are the same, ecophysiological responses 
of fescue vary in their sensitivity not only to environmental conditions and endophyte 
infection but also to fescue and endophyte genotypes. Additional work evaluating the 
agronomic benefits of common toxic versus novel endophytes and the importance of host 
and endophyte genotypes and crop management in controlling fescue response to the 
changing environment would be useful to help prepare animal producers and land 
managers of tall fescue dominated land for future conditions. Finally, the overall response 
of fescue-endophyte symbiosis to elevated atmospheric CO2 must be evaluated, since this 
gas is believed to be one of the drivers of climate change on Earth. 
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Appendix 1: Summary of the data available for all locations included in the study 
(Chapter 2). Only KY-31 and Jesup cultivars were included, and their endophyte status 
was identified in the state-level variety trial reports as either common toxic endophyte 
N.coenophialum infected (CTE+) or free (E-) for KY-31, or  novel endophyte MaxQ 
infected (MaxQ+), common toxic endophyte N.coenophialum infected (CTE+), or free 
(E-) for Jesup. For each location, years of establishment/seeding and harvest are reported, 
as well as the number of harvests/cuts made per year. The reports also included the dates 
of the harvests (data not shown). 
 
State Site Cultivar 
Endophyte 
Strain and 
Status 
Year of 
Establishment Years of Harvest 
Number of 
Harvests per 
Year 
(respectively) 
Georgia 
Blairsville 
KY-31 CTE+ 2003 2004, 2005, 2006 5, 4, 3 
Jesup MaxQ+ 2003 2006 
2004, 2005, 2006 
2007, 2008, 2009 
5, 4, 3 
5, 3, 4 
Jesup E- 2006 2007, 2008, 2009 5, 3, 4 
Athens 
KY-31 CTE+ 2003 2007 
2004, 2005, 2006 
2008, 2009, 2010 
5, 5, 4 
5, 5, 3 
Jesup MaxQ+ 2003 2007 
2004, 2005, 2006 
2008, 2009, 2010 
5, 5, 4 
5, 5, 3 
Jesup E- 2007 2008, 2009, 2010 5, 5, 3 
Illinois 
 
Perry KY-31 CTE+ 
1998† 
2001† 
1999, 2000, 2001 
2002 
4, 3, 3 
3 
Jesup MaxQ+ 2001 2002 3 
Freeport KY-31 CTE+ 
1998† 
2000† 
1999, 2000, 2001 
2000, 2001, 2002, 2003 
5, 4, 4 
2, 4, 4, 4 
Jesup MaxQ+ 2000 2000, 2001, 2002, 2003 2, 4, 4, 4 
Urbana 
KY-31 CTE+ 
1998† 
2000† 
2002† 
2004† 
2006 
2008 
1999, 2000, 2001 
2001, 2002, 2003 
2003, 2004, 2005 
2005, 2006, 2007 
2007, 2008, 2009 
2009, 2010, 2011 
5, 4, 4 
4, 4, 4 
4, 4, 4 
4, 4, 4 
4, 4, 4 
4, 3, 2 
Jesup MaxQ+ 
2000 
2004 
2006 
2001, 2002, 2003 
2005, 2006, 2007 
2007, 2008, 2009 
4, 4, 4 
4, 4, 4 
4, 4, 4 
KY-31 E- 2008 2009, 2010, 2011 4, 3, 2 
Kansas Mound Valley Unit 
KY-31 CTE+ 2002 2010 
2003, 2004, 2005, 2006, 2007 
2011 
3, 3, 3, 2, 2 
2 
Jesup MaxQ+ 2002 2010 
2003, 2004, 2005, 2006, 2007 
2011 
3, 3, 3, 2, 2 
2 
KY-31 E- 2002 2010 
2003, 2004, 2005, 2006, 2007 
2011 
3, 3, 3, 2, 2 
2 
Kentucky Lexington 
KY-31 CTE+ 
1988 
1994 
1995 
1996 
1997 
1999 
2001 
2003 
2005 
2007 
2009 
2010 
2011 
1989 
1995, 1996 
1996, 1997 
1997, 1998, 1999 
1998, 1999 
2000, 2001 
2002, 2003 
2004, 2005, 2006 
2006, 2007, 2008 
2008, 2009, 2010 
2010, 2011, 2012 
2011, 2012 
2012 
7 
4, 4 
3, 3 
4, 4, 1 
4, 2 
6, 5 
4, 4 
4, 4, 2 
4, 4, 3 
3, 4, 3 
3, 4, 3 
4, 3 
3 
Jesup MaxQ+ 
1999 
2005 
2007 
2009 
2011 
2000, 2001 
2006, 2007, 2008 
2008, 2009, 2010 
2010, 2011, 2012 
2012 
6, 5 
4, 4, 3 
3, 4, 3 
3, 4, 3 
3 
KY-31 E- 1987 1988 
1988 
1989 
6 
7 
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1994 
1995 
1996 
1997 
1999 
2001 
2003 
2005 
2007 
2009 
2010 
2011 
1995, 1996 
1996, 1997 
1997, 1998, 1999 
1998, 1999 
2000, 2001 
2002, 2003 
2004, 2005, 2006 
2006, 2007, 2008 
2008, 2009, 2010 
2010, 2011, 2012 
2011, 2012 
2012 
4, 4 
3, 3 
4, 4, 1 
4, 2; 
6, 5 
4, 4 
4, 4, 2 
4, 4, 3 
3, 4, 3 
3, 4, 3 
4, 3 
3 
Jesup E- 1997 2011 
1998, 1999 
2012 
4, 2 
3 
Princeton 
KY-31 CTE+ 
1994 
1996 
1998 
2000 
2002 
2004 
2006 
2008 
2010 
1995, 1996 
1997, 1998 
1999, 2000 
2001, 2002 
2003, 2004, 2005, 2006 
2005; 2006, 2007 
2007, 2008, 2009 
2009, 2010, 2011 
2011, 2012 
4, 4 
5, 3 
4, 3 
5, 3 
4, 3, 4, 2 
4, 4, 4 
4, 3, 4 
4, 2, 4 
4, 3 
Kentucky 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Jesup MaxQ+ 
1998 
2002 
2008 
2010 
1999, 2000 
2003, 2004, 2005, 2006 
2009, 2010, 2011 
2011, 2012 
4, 3 
4, 3, 4, 2 
4, 2, 4 
4, 3 
KY-31 E- 
1994 
1996 
1998 
2000 
2002 
2004 
2006 
2008 
2010 
1995, 1996 
1997, 1998 
1999, 2000 
2001, 2002 
2003, 2004, 2005, 2006 
2005, 2006, 2007 
2007, 2008, 2009 
2009, 2010, 2011 
2011, 2012 
4, 4 
5, 3 
4, 3 
5, 3 
4, 3, 4, 2 
4, 4, 4 
4, 3, 4 
4, 2, 4 
4, 3 
Jesup E- 1998 2010 
1999, 2000; 
2011, 2012 
4, 3; 
4, 3 
Quicksand 
KY-31 CTE+ 
1994 
1996 
1999 
2001 
2003 
2005 
2010 
1995, 1996 
1998 
2000, 2001 
2002, 2003 
2004, 2005, 2006 
2006, 2007, 2008, 2009 
2011, 2012 
4, 4 
3 
4, 3 
4, 3 
4, 3, 2 
3, 2, 3, 3 
4, 4 
Jesup MaxQ+ 
1999 
2003 
2005 
2000, 2001 
2004, 2005, 2006 
2006, 2007, 2008, 2009 
4, 3 
4, 3, 2 
3, 2, 3, 3 
KY-31 E- 
1994 
1996 
1999 
2001 
2005 
2010 
1995, 1996 
1998 
2000, 2001 
2002, 2003 
2006, 2007, 2008, 2009 
2011, 2012 
4, 4 
3 
4, 3 
4, 3 
3, 2, 3, 3 
4, 4 
Michigan 
East 
Lansing 
KY-31 CTE+ 2009 2011 
2009, 2010, 2011, 2012 
2012 
2, 4, 3, 3 
3 
Jesup MaxQ+ 2003 2004, 2005, 2006 2, 4, 4 
Lake City Jesup MaxQ+ 2003 2004, 2005, 2006 2, 4, 4 
Mississippi 
Raymond 
KY-31 CTE+ 1989† 1990; 
1990, 1991, 1995 
1991, 1992, 1993, 1994, 1995 
3, 3, 2 
3, 3, 4, 3 
Jesup MaxQ+ 1989  
1990, 1991, 1992, 1993, 1994, 
1995 3, 3, 3, 4, 3, 2 
KY-31 E- 1989 1990 
1990, 1991, 1994, 1995 
1991, 1992, 1993, 1994, 1995 
3, 3, 4, 2 
3, 3, 4, 3 
Jesup E- 1989 1990, 1991, 1992, 1993, 1994, 1995 3, 3, 3, 4, 3, 2 
Mississippi 
State KY-31 CTE+ 
1988† 
1990 
1994 
1990 
1992, 1993, 1994, 1995, 1996, 
1997, 1998 
3 
1, 4, 4, 3, 4, 
4, 3 
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1996 
2000 
1997, 1998 
1997, 1998 
2004 
1, 3 
1, 3 
3 
Jesup MaxQ+ 
1990 
 
1996 
2000 
1992, 1993, 1994, 1995, 1996, 
1997, 1998 
1997, 1998 
2004 
1, 4, 4, 3, 4, 
4, 3 
1, 3 
3 
KY-31 E- 1990 1992, 1993, 1994, 1995, 1996, 1997, 1998 
1, 4, 4, 3, 4, 
4, 3 
Jesup CTE+‡ 2000 2004 3 
Starkville 
KY-31 CTE+ 1990 2000 
1992 
2002, 2003 
3 
1, 3 
Jesup MaxQ+ 1990 2000 
1992 
2002, 2003 
3 
1, 3 
KY-31 E- 1990 1992 3 
Mississippi 
Jesup CTE+‡ 2000 2002, 2003 1, 3 
Prairie 
KY-31 CTE+ 
1990 
1991 
 
1996 
1991 
1991, 1992, 1993, 1994, 1995, 
1996, 1997 
1997, 1998 
4 
1, 4, 2, 3, 2, 
4, 2 
1, 3 
Jesup MaxQ+ 
1990 
1991 
 
1991 
1991, 1992, 1993, 1994, 1995, 
1996, 1997 
4 
1, 4, 2, 3, 2, 
4, 2 
KY-31 E- 1990 1991 
1991 
1991, 1992, 1993, 1994, 1995 
4 
1, 3, 4, 2, 3 
Jesup E- 1996 1997, 1998 1, 3 
New Mexico Los Lunas Jesup MaxQ+ 2003 2005, 2006 5, 6 
North Carolina 
Rowan KY-31 CTE+† 1975 1982 
1977, 1978 
1983, 1984 
3, 2 
4, 4 
Granville KY-31 CTE+† 1975 1977, 1978 2, 3 
Washington KY-31 CTE+† 1981 1982, 1983, 1984, 1985 4, 3, 4, 3 
Ohio 
Jackson 
KY-31 CTE+ 1995 2004 
1997, 1998, 1999 
2005, 2006, 2007, 2008 
3, 3, 2 
3, 1, 2, 3 
Jesup MaxQ+ 1995 2004 
1997, 1998, 1999 
2005, 2006, 2007, 2008 
3, 3, 2 
3, 1, 2, 3 
KY-31 E- 1995 1997, 1998, 1999 3, 3, 2 
Jesup E- 1995 1997, 1998, 1999 3, 3, 2 
South 
Charleston 
KY-31 CTE+ 2001 2008 
2002, 2003, 2004 
2009, 2010, 2011, 2012 
4, 4, 1 
4, 4, 4, 3 
Jesup MaxQ+ 2001 2002, 2003, 2004 4, 4, 1 
KY-31 E- 2008 2009, 2010, 2011, 2012 4, 4, 4, 3 
Jesup E- 2001 2002, 2003, 2004 4, 4, 1 
Pennsylvania Rock Springs 
KY-31 CTE+ 
1995† 
1997† 
2006† 
2008 
2010 
1997 
1998, 1999 
2008, 2009 
2009, 2010, 2011 
2011 
4 
4, 4 
4, 4 
4, 4, 4 
4 
Jesup MaxQ+ 2006† 2008 
2008, 2009 
2009, 2010, 2011 
4, 4 
4, 4, 4 
KY-31 E- 2008; 2010 
2009, 2010, 2011; 
2011 
4, 4, 4 
4 
Wisconsin 
Arlington KY-31 CTE+ 
1996† 
2008 
2010† 
1996, 1997, 1998, 1999 
2008 
2010, 2011 
2, 3, 4, 3 
4 
4, 4 
KY-31 E- 2011 2011 3 
Lancaster KY-31 CTE+ 
1997 
1998† 
1999† 
1998, 1999 
1998, 1999, 2000, 2001 
2000, 2001, 2002 
4, 2 
2, 3, 4, 4 
4, 4, 4 
KY-31 E- 1997 1998, 1999 4, 2 
†: Endophyte status was not specified so I assumed tall fescue was endophyte-infected. 
‡: Jesup was infected with the common toxic endophyte and not the novel endophyte. 
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Appendix 2: Summary of the collected data included in the statistical models (Chapter 
2). Only KY-31 and Jesup cultivars were included, and their endophyte status was 
identified in the state-level variety trial reports as either common toxic endophyte 
N.coenophialum infected (CTE+) or free (E-) for KY-31, or  novel endophyte MaxQ 
infected (MaxQ+), common toxic endophyte N.coenophialum infected (CTE+), or free 
(E-) for Jesup. The period of time for which summer harvest data were collected are 
shown in “Harvest Period”. The yield per day, daily precipitation, average daily 
maximum, and average temperature over the harvest period are shown, as are the seeding 
rate, fertilization amount, whether irrigation was used, and the local soil type when 
known.  For some locations, I was not able to collect information on all of these 
parameters (‘.’ indicates missing values). 
 
Location 
Cultivar 
Endo. 
Strain 
and 
Status 
Harvest Period Yield 
per 
Day 
(t/a) 
Daily 
Precip 
(mm) 
Daily 
Max 
Temp. 
(°C) 
Daily 
Av. 
Temp.
(°C) 
State Site Start Harvest Date 
End Harvest 
Date 
Georgia 
Athens 
Jesup 
Jesup 
Jesup 
Jesup 
Jesup 
Jesup 
E- 25-Apr-09 29-May-09 0.0191 3.0 26.1 20.8 
E- 29-May-09 6-Aug-09 0.0104 1.2 31.7 25.8 
MaxQ+ 22-Apr-05 10-Jun-05 0.0303 4.2 24.4 18.6 
MaxQ+ 10-Jun-05 27-Jul-05 0.0195 6.4 30.0 25.0 
MaxQ+ 25-Apr-09 29-May-09 0.0180 3.0 26.1 20.8 
MaxQ+ 29-May-09 6-Aug-09 0.0101 1.2 31.7 25.8 
KY31 
KY31 
KY31 
KY31 
CTE+ 22-Apr-05 10-Jun-05 0.0306 4.2 24.4 18.6 
CTE+ 10-Jun-05 27-Jul-05 0.0190 6.4 30.0 25.0 
CTE+ 25-Apr-09 29-May-09 0.0207 3.0 26.1 20.8 
CTE+ 29-May-09 6-Aug-09 0.0109 1.2 31.7 25.8 
Blairsville 
Jesup 
Jesup 
Jesup 
Jesup 
E- 22-Apr-08 1-Jul-08 0.0186 1.6 25.2 18.4 
MaxQ+ 28-Apr-05 8-Jun-05 0.0399 3.5 23.3 16.4 
MaxQ+ 8-Jun-05 20-Jul-05 0.0216 7.8 27.8 22.8 
MaxQ+ 22-Apr-08 1-Jul-08 0.0173 1.6 25.0 18.3 
KY31 
KY31 
CTE+ 28-Apr-05 8-Jun-05 0.0360 3.5 23.3 16.4 
CTE+ 8-Jun-05 20-Jul-05 0.0222 7.8 27.8 22.8 
Illinois 
Freeport 
Jesup MaxQ+ 24-May-02 26-Jun-02 0.0534 4.5 24.8 20.8 
Jesup MaxQ+ 26-Jun-02 24-Jul-02 0.0211 0.8 29.8 24.8 
KY31 CTE+ 22-May-00 22-Jun-00 0.0740 7.7 24.3 19.4 
KY31 CTE+ 22-Jun-00 24-Jul-00 0.0569 3.5 26.3 21.4 
KY31 CTE+ 24-May-02 26-Jun-02 0.0561 4.5 24.8 20.8 
KY31 CTE+ 26-Jun-02 24-Jul-02 0.0296 0.8 29.8 24.8 
Perry KY31 CTE+ 15-Jun-00 13-Jul-00 0.0421 4.8 27.4 22.4 
Urbana 
Jesup MaxQ+ 21-May-02 24-Jun-02 0.0618 2.4 27.1 21.1 
Jesup MaxQ+ 24-Jun-02 22-Jul-02 0.0150 1.3 31.6 25.8 
Jesup MaxQ+ 24-May-06 26-Jun-06 0.0100 0.7 29.4 23.1 
Jesup MaxQ+ 26-Jun-06 1-Aug-06 0.0503 4.6 31.3 25.1 
Jesup MaxQ+ 21-May-08 25-Jun-08 0.0479 2.6 30.8 24.9 
Jesup MaxQ+ 25-Jun-08 24-Jul-08 0.0486 6.6 28.9 23.3 
Jesup MaxQ+ 25-May-10 28-Jun-10 0.0464 6.1 30.1 24.1 
Jesup MaxQ+ 28-Jun-10 27-Jul-10 0.0462 6.9 30.1 24.1 
KY31 CTE+ 16-May-00 19-Jun-00 0.0700 5.3 25.0 19.4 
KY31 CTE+ 19-Jun-00 20-Jul-00 0.0335 3.6 27.9 22.7 
KY31 CTE+ 21-May-02 24-Jun-02 0.0721 2.4 27.1 21.1 
KY31 CTE+ 24-Jun-02 22-Jul-02 0.0164 1.3 31.6 25.8 
KY31 CTE+ 17-May-04 18-Jun-04 0.0439 4.1 27.0 21.9 
KY31 CTE+ 18-Jun-04 16-Jul-04 0.0471 3.8 26.7 21.4 
KY31 CTE+ 24-May-06 26-Jun-06 0.0106 0.7 29.4 23.1 
KY31 CTE+ 26-Jun-06 1-Aug-06 0.0469 4.6 31.3 25.1 
KY31 CTE+ 21-May-08 25-Jun-08 0.0568 5.3 27.1 21.2 
KY31 CTE+ 25-Jun-08 24-Jul-08 0.0524 6.6 29.1 23.3 
KY31 CTE+ 25-May-10 28-Jun-10 0.0494 6.1 30.1 24.1 
KY31 CTE+ 28-Jun-10 27-Jul-10 0.0414 3.1 30.8 24.9 
KY31 E- 25-May-10 28-Jun-10 0.0527 6.1 30.1 24.1 
KY31 E- 28-Jun-10 27-Jul-10 0.0434 3.1 30.6 24.9 
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Kansas 
 Mound Valley 
Jesup MaxQ+ 11-May-04 15-Jun-04 0.0529 4.7 28.3 22.6 
Jesup MaxQ+ 15-Jun-04 7-Jul-04 0.0695 3.7 29.3 24.0 
KY31 CTE+ 11-May-04 15-Jun-04 0.0561 4.7 28.3 22.6 
KY31 CTE+ 15-Jun-04 7-Jul-04 0.0723 3.7 29.3 24.0 
KY31 E- 11-May-04 15-Jun-04 0.0482 4.7 28.3 22.6 
KY31 E- 15-Jun-04 7-Jul-04 0.0688 3.7 29.3 24.0 
Kentucky Lexington 
Jesup E- 10-May-99 9-Jul-99 0.0112 2.6 27.8 22.2 
Jesup MaxQ+ 11-May-07 28-Jun-07 0.006 1.5 28.9 22.2 
Jesup MaxQ+ 15-May-09 24-Jun-09 0.0262 4.2 26.7 21.7 
Jesup MaxQ+ 5-May-11 21-Jun-11 0.0252 3.3 26.1 20.6 
Kentucky 
Lexington 
KY31 CTE+ 10-May-95 8-Jun-95 0.0164 7.7 25.0 19.4 
KY31 CTE+ 21-May-96 11-Aug-96 0.0230 4.8 27.2 22.2 
KY31 CTE+ 22-May-97 2-Jul-97 0.0373 10.1 24.4 20.0 
KY31 CTE+ 20-May-98 10-Jul-98 0.0346 8.2 27.2 22.8 
KY31 CTE+ 10-May-99 9-Jul-99 0.0136 2.6 27.8 22.2 
KY31 CTE+ 11-May-01 21-Jun-01 0.0460 4.5 25.6 20.6 
KY31 CTE+ 12-May-03 24-Jun-03 0.0321 5.5 23.3 18.3 
KY31 CTE+ 13-May-05 24-Jun-05 0.0300 2.9 26.1 20.6 
KY31 CTE+ 11-May-07 28-Jun-07 0.0068 1.5 28.9 22.2 
KY31 CTE+ 15-May-09 24-Jun-09 0.0282 4.2 26.7 21.7 
KY31 CTE+ 5-May-11 21-Jun-11 0.0191 3.3 26.1 20.6 
KY31 CTE+ 25-Apr-12 8-Jun-12 0.0163 2.6 25.6 19.4 
KY31 E- 10-May-95 8-Jun-95 0.0161 7.7 25.0 19.4 
KY31 E- 21-May-96 11-Aug-96 0.0226 4.8 27.2 22.2 
KY31 E- 22-May-97 2-Jul-97 0.0335 10.1 24.4 20.0 
KY31 E- 20-May-98 10-Jul-98 0.0324 8.2 27.2 22.8 
KY31 E- 10-May-99 9-Jul-99 0.0122 2.6 27.8 22.2 
KY31 E- 11-May-01 21-Jun-01 0.0400 4.5 25.6 20.6 
KY31 E- 12-May-03 24-Jun-03 0.0312 5.5 23.3 18.3 
KY31 E- 13-May-05 24-Jun-05 0.0251 2.9 26.1 20.6 
KY31 E- 11-May-07 28-Jun-07 0.0053 1.5 28.9 22.2 
KY31 E- 15-May-09 24-Jun-09 0.0241 4.2 26.7 21.7 
KY31 E- 5-May-11 21-Jun-11 0.0217 3.3 26.1 20.6 
KY31 E- 25-Apr-12 8-Jun-12 0.0151 2.6 25.6 19.4 
Princeton 
Jesup E- 15-May-00 22-Jun-00 0.0211 3.5 28.9 22.8 
Jesup E- 22-Jun-00 21-Jul-00 0.0293 2.2 32.2 26.1 
Jesup E- 18-Apr-12 19-Jun-12 0.0103 1.7 27.2 20.6 
Jesup MaxQ+ 10-May-04 14-Jun-04 0.0138 6.7 28.9 23.9 
Jesup MaxQ+ 14-Jun-04 21-Jul-04 0.0127 6.2 28.9 23.9 
Jesup MaxQ+ 18-May-10 16-Jun-10 0.0150 5.2 29.4 23.9 
Jesup MaxQ+ 18-Apr-12 19-Jun-12 0.0102 1.7 27.2 20.6 
KY31 CTE+ 9-May-96 13-Jun-96 0.0103 5.3 27.2 21.7 
KY31 CTE+ 8-May-98 25-Jun-98 0.0166 7.1 30.6 23.9 
KY31 CTE+ 15-May-00 22-Jun-00 0.0257 3.5 28.9 22.8 
KY31 CTE+ 30-May-02 8-Jul-02 0.0279 1.8 31.7 25.6 
KY31 CTE+ 10-May-04 14-Jun-04 0.0168 6.7 28.9 23.9 
KY31 CTE+ 23-May-06 26-Jun-06 0.0048 3.5 30.6 23.9 
KY31 CTE+ 21-May-08 26-Jun-08 0.0223 1.8 30.6 23.9 
KY31 CTE+ 18-May-10 16-Jun-10 0.0164 5.2 29.4 23.9 
KY31 CTE+ 18-Apr-12 19-Jun-12 0.0115 1.7 27.2 20.6 
KY31 E- 9-May-96 13-Jun-96 0.0118 5.3 27.2 21.7 
KY31 E- 8-May-98 25-Jun-98 0.0153 7.1 30.6 23.9 
KY31 E- 15-May-00 22-Jun-00 0.0232 3.5 28.9 22.8 
KY31 E- 30-May-02 8-Jul-02 0.0213 1.8 31.7 25.6 
KY31 E- 10-May-04 14-Jun-04 0.0124 6.7 28.9 23.9 
KY31 E- 23-May-06 26-Jun-06 0.0215 3.5 30.6 23.9 
KY31 E- 21-May-08 26-Jun-08 0.0203 1.8 30.6 23.9 
KY31 E- 18-May-10 16-Jun-10 0.0154 5.2 29.4 23.9 
KY31 E- 18-Apr-12 19-Jun-12 0.0108 1.7 27.2 20.6 
Quicksand 
Jesup MaxQ+ 11-May-05 29-Jun-05 0.0227 2.3 27.2 21.7 
KY31 CTE+ 15-May-96 14-Jun-96 0.0200 7.7 27.2 20.6 
KY31 CTE+ 2-Jun-98 23-Jul-98 0.0151 6.2 28.9 22.8 
KY31 CTE+ 28-May-01 3-Jul-01 0.0363 4.7 26.7 21.1 
KY31 CTE+ 11-May-05 29-Jun-05 0.0273 3.7 28.9 23.3 
KY31 CTE+ 24-May-12 28-Aug-12 0.0146 2.3 32.2 25.6 
KY31 E- 15-May-96 14-Jun-96 0.0214 7.7 27.2 20.6 
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KY31 E- 2-Jun-98 23-Jul-98 0.0153 6.2 28.9 22.8 
KY31 E- 28-May-01 3-Jul-01 0.0311 4.7 26.7 21.1 
KY31 E- 11-May-05 29-Jun-05 0.0000 3.7 28.9 23.3 
KY31 E- 24-May-12 28-Aug-12 0.0127 2.3 32.2 25.6 
Michigan 
East Lansing 
Jesup MaxQ+ 20-May-05 11-Jul-05 0.0249 2.8 26.7 20.0 
Jesup MaxQ+ 11-Jul-05 4-Aug-05 0.0200 4.1 29.4 23.3 
KY31 CTE+ 31-May-11 5-Jul-11 0.0394 1.3 26.5 20.6 
Lake City Jesup MaxQ+ 14-Jul-05 6-Aug-03 0.0194 2.3 26.1 19.4 Jesup MaxQ+ 9-Aug-05 6-Aug-03 0.0152 4.1 28.3 21.1 
Mississippi 
Raymond Jesup E- 10-May-91 22-May-91 0.0351 2.98 29 24 Jesup MaxQ+ 10-May-91 22-May-91 0.0333 2.98 29 24 
Starkville 
Jesup MaxQ+ 22-Apr-92 5-Jun-92 0.0060 1.41 26 20 
KY31 CTE+ 22-Apr-92 5-Jun-92 0.0081 1.41 26 20 
KY31 E- 22-Apr-92 5-Jun-92 0.0055 1.41 26 20 
Mississippi State KY31 CTE+ 18-Apr-90 5-Jun-90 0.0293 3.40 28 23 
New Mexico Los Lunas Jesup MaxQ+ 2-May-05 2-Jun-05 0.0590 0.0 29.1 18.7 Jesup MaxQ+ 2-Jun-05 6-Jul-05 0.0374 0.2 34.4 23.2 
North 
Carolina 
Granville KY31 CTE+ 16-May-77 23-Sep-77 0.0068 3.6 30.7 23.6 
Rowan 
KY31 CTE+ 20-Apr-77 13-May-77 0.0237 0.4 26.2 18.2 
KY31 CTE+ 01-May-84 31-May-84 0.0434 5.5 25.7 18.5 
KY31 CTE+ 31-May-84 02-Aug-84 0.0213 3.7 29.3 23.7 
Washington KY31 CTE+ 27-Apr-83 18-May-83 0.0390 0.0 26.8 18.4 
Ohio 
Jackson 
Jesup E- 30-May-97 11-Jul-97 0.0346 3.7 27.5 21.1 
KY31 CTE+ 30-May-97 11-Jul-97 0.0410 3.7 27.5 21.1 
KY31 E- 30-May-97 11-Jul-97 0.0368 3.7 27.5 21.1 
Western 
Jesup E- 28-May-03 14-Jul-03 0.0291 5.5 26.0 20.0 
Jesup MaxQ+ 28-May-03 14-Jul-03 0.0285 5.5 26.0 20.0 
KY31 CTE+ 28-May-03 14-Jul-03 0.0339 5.5 26.0 20.0 
KY31 CTE+ 27-May-10 8-Jul-10 0.0290 4.1 29.3 23.2 
KY31 E- 27-May-10 8-Jul-10 0.0290 4.1 29.3 23.2 
Pennsylvania Rock Springs 
Jesup MaxQ+ 23-May-08 27-Jun-08 0.0259 2.2 27.3 19.6 
Jesup MaxQ+ 17-May-10 21-Jun-10 0.0559 2.4 27.3 19.6 
KY31 CTE+ 23-May-08 27-Jun-08 0.0262 2.2 27.3 19.6 
KY31 CTE+ 17-May-10 21-Jun-10 0.0641 2.4 27.3 19.6 
KY31 E- 17-May-10 21-Jun-10 0.0662 2.4 27.3 19.6 
Tennessee Milan Jesup MaxQ+ 15-Apr-09 27-May-09 0.0221 1.8 23.8 17.4 Jesup MaxQ+ 20-Apr-10 8-Jun-10 0.0323 1.6 25.9 18.9 
Wisconsin 
Arlington KY31 CTE+ 22-May-98 13-Jul-98 0.0380 5.5 27.8 18.3 
Lancaster KY31 CTE+ 20-May-00 10-Jul-00 0.0304 5.5 25.6 18.9 KY31 CTE+ 21-May-01 9-Jul-01 0.0394 3.0 26.7 17.2 
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Appendix 2 (continued) 
 
Location 
Cultivar 
Endophyte 
Strain and 
Status 
Seedling 
(t/a) 
N Fertil. 
(t/a/y) 
Irrigation 
(Yes/No) Soil Type State Site 
Georgia 
 
Athens 
 
Jesup E- 0.010 0.030 No . 
Jesup E- 0.010 0.030 No . 
Jesup MaxQ+ 0.010 0.030 No . 
Jesup MaxQ+ 0.010 0.030 No . 
Jesup MaxQ+ 0.010 0.030 No . 
Jesup MaxQ+ 0.010 0.030 No . 
KY31 CTE+ 0.010 0.030 No . 
KY31 CTE+ 0.010 0.030 No . 
KY31 CTE+ 0.010 0.030 No . 
KY31 CTE+ 0.010 0.030 No . 
Blairsville 
Jesup E- 0.010 0.030 No . 
Jesup MaxQ+ 0.010 0.030 No . 
Jesup MaxQ+ 0.010 0.030 No . 
Jesup MaxQ+ 0.010 0.030 No . 
KY31 CTE+ 0.010 0.030 No . 
KY31 CTE+ 0.010 0.030 No . 
Illinois 
 
Freeport 
Jesup MaxQ+ . No No Flagg Silt Loam 
Jesup MaxQ+ . No No Flagg Silt Loam 
KY31 CTE+ . 0.0375 No Flagg Silt Loam 
KY31 CTE+ . 0.0375 No Flagg Silt Loam 
KY31 CTE+ . No No Flagg Silt Loam 
KY31 CTE+ . No No Flagg Silt Loam 
Perry KY31 CTE+ . 0.0375 No Rozetta Silt Loam 
Urbana 
Jesup MaxQ+ . No No Drummer-Flanagan Silty-Clay Loam 
Jesup MaxQ+ . No No Drummer-Flanagan Silty-Clay Loam 
Jesup MaxQ+ . 0.100 No Drummer-Flanagan Silty-Clay Loam 
Jesup MaxQ+ . 0.100 No Drummer-Flanagan Silty-Clay Loam 
Jesup MaxQ+ . 0.100 No Drummer-Flanagan Silty-Clay Loam 
Jesup MaxQ+ . 0.100 No Drummer-Flanagan Silty-Clay Loam 
Jesup MaxQ+ . 0.100 No Drummer-Flanagan Silty-Clay Loam 
Jesup MaxQ+ . 0.100 No Drummer-Flanagan Silty-Clay Loam 
KY31 CTE+ . 0.0375 No Drummer-Flanagan Silty-Clay Loam 
KY31 CTE+ . 0.0375 No Drummer-Flanagan Silty-Clay Loam 
KY31 CTE+ . No No Drummer-Flanagan Silty-Clay Loam 
KY31 CTE+ . No No Drummer-Flanagan Silty-Clay Loam 
KY31 CTE+ . 0.100 No Drummer-Flanagan Silty-Clay Loam 
KY31 CTE+ . 0.100 No Drummer-Flanagan Silty-Clay Loam 
KY31 CTE+ . 0.100 No Drummer-Flanagan Silty-Clay Loam 
KY31 CTE+ . 0.100 No Drummer-Flanagan Silty-Clay Loam 
KY31 CTE+ . 0.100 No Drummer-Flanagan Silty-Clay Loam 
KY31 CTE+ . 0.100 No Drummer-Flanagan Silty-Clay Loam 
KY31 CTE+ . 0.100 No Drummer-Flanagan Silty-Clay Loam 
KY31 CTE+ . 0.100 No Drummer-Flanagan Silty-Clay Loam 
KY31 E- . 0.100 No Drummer-Flanagan Silty-Clay Loam 
KY31 E- . 0.100 No Drummer-Flanagan Silty-Clay Loam 
Kansas Mound Valley 
Jesup MaxQ+ 0.010 0.090 No Parsons Silt Loam 
Jesup MaxQ+ 0.010 0.090 No Parsons Silt Loam 
KY31 CTE+ 0.010 0.090 No Parsons Silt Loam 
KY31 CTE+ 0.010 0.090 No Parsons Silt Loam 
KY31 E- 0.010 0.090 No Parsons Silt Loam 
KY31 E- 0.010 0.090 No Parsons Silt Loam 
Kentucky Lexington 
Jesup E- 0.010 0.070 No Maury well-drained silt loam 
Jesup MaxQ+ 0.013 0.060 No Maury well-drained silt loam 
Jesup MaxQ+ 0.013 0.090 No Maury well-drained silt loam 
Jesup MaxQ+ 0.013 0.090 No Maury well-drained silt loam 
KY31 CTE+ 0.010 0.075 No Maury well-drained silt loam 
KY31 CTE+ 0.010 0.090 No Maury well-drained silt loam 
KY31 CTE+ 0.010 0.070 No Maury well-drained silt loam 
KY31 CTE+ 0.010 0.070 No Maury well-drained silt loam 
KY31 CTE+ 0.010 0.070 No Maury well-drained silt loam 
KY31 CTE+ 0.010 0.070 No Maury well-drained silt loam 
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KY31 CTE+ 0.010 0.070 No Maury well-drained silt loam 
KY31 CTE+ 0.010 0.070 No Maury well-drained silt loam 
KY31 CTE+ 0.013 0.060 No Maury well-drained silt loam 
KY31 CTE+ 0.013 0.090 No Maury well-drained silt loam 
KY31 CTE+ 0.013 0.090 No Maury well-drained silt loam 
KY31 CTE+ 0.013 0.090 No Maury well-drained silt loam 
KY31 E- 0.010 0.075 No Maury well-drained silt loam 
KY31 E- 0.010 0.090 No Maury well-drained silt loam 
KY31 E- 0.010 0.070 No Maury well-drained silt loam 
KY31 E- 0.010 0.070 No Maury well-drained silt loam 
KY31 E- 0.010 0.070 No Maury well-drained silt loam 
KY31 E- 0.010 0.070 No Maury well-drained silt loam 
KY31 E- 0.010 0.070 No Maury well-drained silt loam 
KY31 E- 0.010 0.070 No Maury well-drained silt loam 
KY31 E- 0.013 0.060 No Maury well-drained silt loam 
KY31 E- 0.013 0.090 No Maury well-drained silt loam 
KY31 E- 0.013 0.090 No Maury well-drained silt loam 
KY31 E- 0.013 0.090 No Maury well-drained silt loam 
Princeton 
Jesup E- 0.010 0.070 No Crider well-drained silt loam 
Jesup E- 0.010 0.070 No Crider well-drained silt loam 
Jesup E- 0.013 0.090 No Crider well-drained silt loam 
Jesup MaxQ+ 0.010 0.060 No Crider well-drained silt loam 
Jesup MaxQ+ 0.010 0.060 No Crider well-drained silt loam 
Jesup MaxQ+ 0.013 0.090 No Crider well-drained silt loam 
Jesup MaxQ+ 0.013 0.090 No Crider well-drained silt loam 
KY31 CTE+ 0.010 0.090 No Crider well-drained silt loam 
KY31 CTE+ 0.010 0.070 No Crider well-drained silt loam 
KY31 CTE+ 0.010 0.070 No Crider well-drained silt loam 
KY31 CTE+ 0.010 0.070 No Crider well-drained silt loam 
KY31 CTE+ 0.010 0.070 No Crider well-drained silt loam 
KY31 CTE+ 0.010 0.090 No Crider well-drained silt loam 
KY31 CTE+ 0.013 0.090 No Crider well-drained silt loam 
KY31 CTE+ 0.013 0.090 No Crider well-drained silt loam 
KY31 CTE+ 0.013 0.090 No Crider well-drained silt loam 
KY31 E- 0.010 0.090 No Crider well-drained silt loam 
KY31 E- 0.010 0.070 No Crider well-drained silt loam 
KY31 E- 0.010 0.070 No Crider well-drained silt loam 
KY31 E- 0.010 0.070 No Crider well-drained silt loam 
KY31 E- 0.010 0.070 No Crider well-drained silt loam 
KY31 E- 0.010 0.090 No Crider well-drained silt loam 
KY31 E- 0.013 0.090 No Crider well-drained silt loam 
KY31 E- 0.013 0.090 No Crider well-drained silt loam 
KY31 E- 0.013 0.090 No Crider well-drained silt loam 
Quicksand 
Jesup MaxQ+ 0.010 0.060 No Pope well-drained silt loam 
KY31 CTE+ 0.010 0.090 No Pope well-drained silt loam 
KY31 CTE+ 0.010 0.070 No Pope well-drained silt loam 
KY31 CTE+ 0.010 0.070 No Pope well-drained silt loam 
KY31 CTE+ 0.010 0.070 No Pope well-drained silt loam 
KY31 CTE+ 0.013 0.090 No Pope well-drained silt loam 
KY31 E- 0.010 0.090 No Pope well-drained silt loam 
KY31 E- 0.010 0.070 No Pope well-drained silt loam 
KY31 E- 0.010 0.070 No Pope well-drained silt loam 
KY31 E- 0.010 0.070 No Pope well-drained silt loam 
KY31 E- 0.013 0.090 No Pope well-drained silt loam 
Michigan 
East 
Lansing 
Jesup MaxQ+ . 0.095 No Capac loam 
Jesup MaxQ+ . 0.095 No Capac loam 
KY31 CTE+ . 0.100 No Capac loam 
Lake City Jesup MaxQ+ . 0.095 No Nester sandy loam Jesup MaxQ+ . 0.095 No Nester sandy loam 
Mississippi 
Raymond Jesup E- 0.010 0.055 No . Jesup MaxQ+ 0.010 0.075 No . 
Starkville 
Jesup MaxQ+ 0.010 0.075 No . 
KY31 CTE+ . 0.025 No . 
KY31 E- . 0.025 No . 
Mississippi 
State KY31 CTE+ 0.010 0.075 No . 
New Mexico Los Lunas Jesup MaxQ+ . 0.220 Yes Loamy fine sand 
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New Mexico Los Lunas Jesup MaxQ+ . 0.170 No Loamy fine sand 
North 
Carolina 
Granville KY31 CTE+ . 0.075 No Helena-Wilkes 
Rowan 
KY31 CTE+ . 0.100 No Davidson 
KY31 CTE+ . 0.075 No Portsmouth 
KY31 CTE+ . 0.075 No Davidson 
Washington KY31 CTE+ . 0.100 No Davidson 
Ohio 
Jackson 
Jesup E- 0.005 0.065 No Rilden silt loam 
KY31 CTE+ 0.005 0.065 No Rilden silt loam 
KY31 E- 0.005 0.065 No Rilden silt loam 
Western 
Jesup E- 0.008 0.085 No Crosby silt loam 
Jesup MaxQ+ 0.008 0.085 No Crosby silt loam 
KY31 CTE+ 0.008 0.085 No Crosby silt loam 
KY31 CTE+ 0.008 0.110 No Crosby silt loam 
KY31 E- 0.008 0.110 No Crosby silt loam 
Pennsylvania Rock Springs 
Jesup MaxQ+ . . . . 
Jesup MaxQ+ . . . . 
KY31 CTE+ . . . . 
KY31 CTE+ . . . . 
KY31 E- . . . . 
Tennessee Milan Jesup MaxQ+ . . . . Jesup MaxQ+ . . . . 
Wisconsin 
Arlington KY31 CTE+ . . . . 
Lancaster KY31 CTE+ . . . . KY31 CTE+ . . . . 
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Appendix 3: Statistical analysis performed on photosynthesis, leaf water potential, individual growth rate, tiller production, 
aboveground biomass, %C and N, when time was included as a factor (Chapter 3). The values in the table refer to the p-value of each 
factor (heat - H, precipitation - P, genotype - G, endophyte - E, time - T). The shaded cells (purple) indicate that the analysis was 
performed only on E- individuals, in order to highlight the plant genotype effect.  
 
 Photosynthesis  (μmol m-2 s-1) 
Leaf Water 
Potential 
(MPa) 
Growth Rate 
(cm day-1) 
Tiller 
Production 
(counts) 
Annual 
Tiller 
Production 
(counts) 
Aboveground 
Biomass (g plant-1) 
Annual 
Aboveground 
Biomass  
(g plant-1) 
Carbon (%) Nitrogen (%) 
Heat 
Precipitation 
H × P 
<0.0001 
0.0124 
NS 
<0.0001 
<0.0001 
NS 
NS 
NS 
NS 
0.0349 
NS 
NS 
0.0271 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
0.0001 
<0.0001 
NS 
Endophyte 
Genotype 
E × G 
0.0121 
NS 
NS 
NS 
0.0001 
NS 
0.0008 
NS 
NS 
0.0010 
NS 
<0.0001 
0.0007 
<0.0001 
<0.0001 
0.0171 
NS 
0.0355 
0.0158 
NS 
0.0447 
NS 
NS 
NS 
NS 
<0.0001 
NS 
Heat × E 
Heat × Genotype 
Heat × E × G 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
0.0477 
NS 
0.0408 
NS 
NS 
0.0342 
0.0008 
NS 
NS 
NS 
NS 
NS 
0.0235 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
P × Endophyte 
P × Genotype 
P × E × Genotype 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
<0.0001 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
Heat × P × E 
H×P × Genotype 
H ×P× E × G 
NS 
0.0006 
0.0307 
NS 
0.0235 
NS 
NS 
NS 
NS 
0.0279 
NS 
NS 
0.0220 
<0.0001 
NS 
0.0104 
0.0403 
NS 
0.0062 
<0.0001 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
Time 
Heat × T 
P × T 
Heat × P × T 
<0.0001 
<0.0001 
<0.0001 
NS 
<0.0001 
0.0002 
<0.0001 
NS 
<0.0001 
<0.0001 
0.0025 
NS 
<0.0001 
<0.0001 
<0.0001 
NS 
 
<0.0001 
<0.0001 
NS 
NS 
 
<0.0001 
0.0018 
NS 
0.0486 
<0.0001 
<0.0001 
<0.0001 
0.0040 
Endophyte × T 
Genotype × T 
E × G × T 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
0.0170 
0.0003 
<0.0001 
 
NS 
0.0021 
0.0084 
 
NS 
NS 
NS 
NS 
<0.0001 
0.0275 
Heat × E × T 
H × G × T 
H × E × G × T 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
 
NS 
NS 
NS 
 
NS 
NS 
NS 
NS 
0.0131 
NS 
P × E × T 
P × G × T 
P× E × G × T 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
 
NS 
NS 
NS 
 
NS 
NS 
NS 
NS 
0.0149 
NS 
H × P × E × T 
H ×P × G × T 
H ×P× E × G × T 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
 
NS 
NS 
NS 
 
NS 
NS 
NS 
NS 
NS 
NS 
NS: refers to “non significant”. 
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Appendix 4: Statistical analysis of loline and ergot alkaloids concentrations, measured 
on endophyte infected fescue samples only, when time was included as a factor (Chapter 
3). P-values for each factor (heat, precipitation, genotype, time) and their interaction are 
reported. In this dataset, genotype refers to fescue – endophyte combination (symbiotic 
genotype), since each fescue genotype is infected with a different strain of fungal 
endophyte. 
 
 Loline Alkaloids Concentrations (ppm) 
Ergot Alkaloids 
Concentrations (ppm) 
Heat 
Precipitation 
Heat × Precipitation 
NS 
NS 
NS 
<0.0001 
0.0093 
NS 
Genotype 
Heat × Genotype 
Precipitation × Genotype 
Heat × Precipitation × Genotype 
<0.0001 
NS 
NS 
NS 
<0.0001 
NS 
NS 
NS 
Time 
Heat × Time 
Precipitation × Time 
Heat × Precipitation × Time 
<0.0001 
NS 
0.0045 
NS 
<0.0001 
<0.0001 
NS 
0.0264 
Genotype × Time 
Heat × Genotype × Time 
Precitation × Genotype × Time 
Heat × Precip× Geno × Time 
0.0026 
NS 
NS 
NS 
NS 
0.0131 
NS 
0.0024 
NS: refers to “non significant”. 
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